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I.  Introduction 

During  the  period  between  Oct.  1,  1983  and  Sept.  30,  1984  a  number  of 
topics  of  investigation  have  been  pursued,  and  several  of  these  have  yielded 
positive  results.  Basically,  we  are  studying  various  wave-plasma  interaction 
processes  towards  the  understanding  of  the  collective  physics  of  plasmas.  The 
processes  include  the  mechanisms  leading  to  the  generation  of  millimeter  waves 
by  relativistic  electron  beams  and  the  mechanisms  providing  channels  for 
anomalous  absorption  of  electromagnetic  waves.  The  topics  of  investigation  are 
divided  into  two  general  categories: 

A.  wave-plasma  interaction  near  the  electron  cyclotron  (harmonic)  resonance; 
and 

B.  wave-plasma  interaction  not  near  the  resonance. 

Most  of  the  significant  results  have  been  published  or  accepted  for  publication 
in  several  Journal  papers  and  preceeding  issued  papers,  and  reported  at  APS 
meeting  on  plasma  physics. 

In  Section  II  of  this  report,  a  description  of  the  work  on  wave-plasma 
resonant  interaction  at  cyclotron  harmonics  is  included.  Both  processes  which 
lead  to  generation  of  millimeter  waves  by  relativistic  electron  beams  (electron 
cyclotron  Maser  mechanism)  or  absorption  of  injected  EM  waves  by  relativistic 
plasmas  are  analyzed.  Section  II  gives  a  brief  description  of  the  theoretical 
work  in  the  general  area  of  instabilities  excited  by  wave-plasma  interactions. 
Applications  of  the  theoretical  results  to  problems  encountered  in  the  labora¬ 
tory  plasmas  and  the  space  plasmas  are  also  discussed. 

Appendix  1  is  a  copy  of  a  reprint  entitled  "Analysis  of  Electron  Cyclotron 
Maser  Instability"  published  in  the  physics  Letters  A.  Appendix  2  is  a  copy  of  a 
reprint  entitled  "Oscillating  Two  Stream  Instability  of  Ducted  Whistler  Pump" 
published  in  The  Physics  of  Fluids.  Appendix  3  is  a  copy  of  a  reprint  entitled 
"Excitation  of  Upper  Hybrid  Waves  by  a  Thermal  Parametric  Instability”  pub¬ 
lished  in  the  Journal  of  Plasma  Physics.  Appendix  4  is  a  copy  of  a  reprint  enti¬ 
tled  "Relativistic  Adiabatic  Trivariants  of  Electron  Motion  under  ECRH” 
accepted  for  publication  in  Physics  Letters  A.  Appendix  5  is  a  copy  of  a  reprint 
entitled  "Earth's  Magnetic  Field  Perturbations  as  the  Possible  Environmental 
Impact  of  the  Conceptualized  Solar  Power  Satellite  (SPS)”  which  will  appear  in 
the  December  issue  of  The  Journal  or  Geophysical  Research.  Four  proceedings 
issued  papers: 

1.  "Modulatlonal  Instability  of  Lower  Hybrid  Waves”; 

2.  "Ionospheric  and  Magnetospheric  Modifications  Caused  by  the  Injected 
ULF  Waves”; 

3.  "Artificial  Ionospheric  Disturbances  Caused  by  Powerful  Radio  Waves”; 
and 

4.  "On  the  Spread  F  Echoes  from  the  Ionospheric  Heated  Region”, 
and  a  copy  of  each  of  the  two  manuscripts: 

1.  "A  Theoretical  Model  of  Artificial  Spread  F  Echoes";  and 

2.  "Simultaneous  Excitation  of  Earth  Magnetic  Field  Fluctuations  and  Plasma 
Density  Irregularities  by  Powerful  Radio  Waves  from  VLF  to  SHF  Bands” 

which  have  been  submitted  to  Radio  Science  for  publication  are  also  attached  at 
the  end  of  this  report.  ,  — - - 
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II.  Wave  Plasma  Interaction  Near  the  Electron  Cyclotron  (Harmonic)  Reso¬ 


nance 


Lnalvsis  of  Electron  Cyclotron  Maser  Instability 


In  this  work  a  single  nonlinear  equation  which  describes  the  temporal  evo- 
luation  of  the  field  amplitude  of  the  electron  cyclotron  maser  instability  is 
derived  self-consistently.  Thus  one  can  expect  to  directly  derive  the  power 
gain,  the  conversion  efficiency  and  also  the  dynamic  properties  of  the  collective 
response  of  the  electron  beam  to  the  excited  wave  fields  from  this  single  equa¬ 
tion  without  relying  on  particle  simulation.  Our  approach  is  beginning  with 
solving  the  equations  of  motion  of  a  single  electron  moving  in  the  wave  fields 
and  then  following  with  averaging  the  results  over  the  initial  electron  velocity 
distribution  to  obtain  the  collective  response  of  electrons  to  the  wave  fields. 

(1.1)  Governing  Rate  Equations 

The  motion  of  electrons  in  a  dc  magnetic  field  and  the  waveguide  mode 
fields  is  governed  by  a  set  of  coupled  nonlinear  differential  equations: 

=  (1) 


4-  P  =  -  e  P  +  —  V  X(P  +  i  B0) 

at  t 


m„ <?  —7  =  -  c  E  *  (3) 

where  -y  =  (t +P3/m*c2)l/e,  P  =  t  m0  V  and  the  wave  fields  E  and  P  inside  a  circular 
waveguide  of  radius  R„  are  given  by 

A.  TEmn  mode 

B,  =  B„  Jm  ( amnR }  cos  ( m<t>  +  k,z-  wt) 

En  =  (w/a mHc)  Bzo{m/amttR)  Jm(annR)  cos  ( m<t>  +  kzz-  wt) 

E4  =  (w/amnc)  Bzo  J^{amnR)  sin  (m<t>  +  kzz-wt) 

B,  =  ~{kzc/w)  E<f>  and  B4  =  {kzc/w)E1 
where  amn  is  the  nth  root  of  the  equation  JJ(amHR„)  =  o 

B.  TMmn  mode 

Ez  ~~  Ez0  Jm(amnR)  cos  ( m<f>  4-  kzz—wt) 

E-j  =  ~{k,  Ezofamn)  JJl(amnR)  sin  (m<t>  -I-  kzz-  wt) 

E4  =  -(kzEZ0/amn)  (m/am<tR)  Jm{amnR)  cos  ( m<f>  4-  kzz-  wt)  ^ 

B,  =  (w/kze)  E4  and  B4  =  (w/kzc)  B7 
where  is  the  nth  root  of  the  equation  Jm(amnRw)  =  o 

In  order  to  provide  some  physical  inside  into  the  mathematical  procedure 
employed  to  study  the  problem,  we  first  decompose  Eq.  (2)  into  transverse  and 
parallel  components  and  write  the  transverse  equation  in  terms  of  a  complex 
variable  P~  =  Pz-iPt: 

—  +  «(n  +  n ,)  p-  =  -  e  [b-  -  «( vt/c)  B-  ]  (6) 

Yt  P,  =  -  e  [b,  +  (P,Bt  -  P,B,)hmcc  j  (7) 

where  ET  =  E,-  iE,  =  iE4),  B~  =  B,  -  i  B,  =  e~'*(Bn-  iB4),  Cl  =  Cl  ,fy. 
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n  .  =  tB'/ni'C  and  n  t  =  eB,fym0c. 

We  now  express  the  transverse  components  of  the  electron  momentum 
(Pj.P,)  in  terms  of  the  polar  coordinates  (Pit9).  Thus,  P,  =  Plcos9,  Pv  =  Pis\n9 
and  P~  =  P^e'1'.  Let  (/?,,<£,)  be  the  coordinates  of  the  guiding  center  of  the 
electron.  As  shown  in  Fig.  l,  the  spatial  coordinates  (R,<f>)  of  the  electron  can 
be  expressed  in  terms  of  its  guiding  center  coordinates  (Rf,4>e)  and  its  momen¬ 
tum  space  coordinates  (Px,0)  as  follows 

R2  =  R2  +  Rl  -  2 Rc Rl  cos  (it /S  -  <j>t  +  6) 


and 


d>  =  4>0- sin'1  (Rl/R)  cos  (<f>c-6)  j  =  6  -  ZL.  +  sin'1  ^(Po/P)  cos(^<,-  6)  (8) 


where  RL  =  vjn  -  Pjyin, n  ,  is  the  Lamour  radius  of  the  electron 
With  the  aid  of  the  addition  theorem  of  Bessel  function: 

7  .,‘*1  +oa 

4(5?)  {  —  =  s  J^z)  t 


■•*1 


(9) 


Z  —  Zt  1  jf=~  oo 

where  w  =  (Z2+z2-  2Zzco$<)>l) l/*,  and  | Z  |>(*)  the  following  results  are  derived: 


•  / 1  ^  i\  +00 

Jm(<xmnR)  =  «  *"  E  Zm^}(amnR0)  J{amnRL)  e 

f=-  oo 


-  'f(» /*-*„+*) 


(10) 


Zm±\(°imnR)  ' 


±i(m±  !)(#,-*) 


E  l+f(°  mn  Po)  Jt(  ®  mn  Rl)  t 

J=—oo 


±<i  (T/e-*„+») 


In  obtaining  Eq.  (10),  we  have  substituted  w=amn,  Z=annR„,  z=amnRL  and 
/2-<t>0+9  into  Eq.  (9),  and  used  the  relation 

( R,  -  Rl^*1)/(Rc  ~  Ri'*1)  =  *] 

derived  from  Eq.  (8).  Although  Eq.  (10)  is  the  result  for  R„>RL  case  (since 
\Z  |>  |z  |  is  required  for  Eq.  (9)  to  hold),  it  can  be  shown  that  Eq.  (10)  also 
holds  for  Rl>R0  case,  where  Z=amnRL,  z=amnR„,  and 

(Rl  -  R0  c*')/(RlR,  «■*')  = 


should  be  employed  in  Eq.  (9). 

Although  the  wave  fields  (4)  and  (5)  seen  by  a  stationary  observer  are 
simple  harmonic  at  frequency  w,  the  fields  and  hence  the  forces  seen  by  the 
gyrating  electrons  consist  of  an  infinite  number  of  frequency  components  oscil¬ 
lating  at  w- N'U  -  kzV,  (7V'=  i,2,3...).  Thus,  if  the  wave  frequency  w  is  near  one 
of  the  Doppler  shifted  harmonics,  i.e.,  w  No  +  ktv„  the  N'  =  N  term  becomes 
the  slowest  term  and  has  the  dominant  influence  on  the  orbit  evolution. 
Including  only  this  term  in  (6),  we  may  first  define  a  self-consistent  trajectory, 
prior  to  express  (6)  explicitly,  as  RL  =  RL{t)  and 

t 

9  =  9,  +  #(t)  +  f  O(l')  dV 


where  RL(t )  and  ♦(<)»  to  be  determined  self-consistently,  are  the  time  depen¬ 
dent  Larmour  radius  and  phase  varying  slowly  due  to  the  presence  of  this 
slowly  time  varying  force.  We  next  substitute  these  relations  and  the  fields  (4) 
or  (5)  into  (6),  (7)  and  (3),  and  then  drop  all  fast  oscillating  terms.  With  the 
aid  of  (10)  and  the  relation 


ationship  between  (R,  o'),  (R  ,  re  )  and  (R  ,  0), 
ch  represents  the  transverse  spatial  coordinates, 
ding  center  coordinates,  and  the  momentum  space 
irdinates  of  the  electron,  respectively. 
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+oo 

exp(iasin^)  =  a )  exp  ( iQB) 

00 

Two  sets  of  self-consistent  governing  equations  for  the  slowly  varying  functions 
7,  Rl,  ♦  and  v,  are  derived  for  wave  fields  of  TEmn  mode  and  TMmn  mode, 
respectively,  as  follows: 


A.  TEm.  mode 


—  a  =  at(w~k,vt)  Jrf  (a)  cos  <t>t 


-  -^-[a/jJ(a)l 
a  da 


(ii) 

sin<t>t  (12) 
(13) 


where 


-^  *«  =  Auij^X  +  aey,(Qf)  sin  4>e  right ]  -  ae  ( w -  *,«,) 

7  =  MO  o  «»/7 [«-4f(«)  j  cos4>, 

-jj-  v,  =  -  ae  (n  2  w/72kt  alnc2)  {ktvz  -  k2e2/w)  j  cos  <I>e  (14) 

a  =  amnRL,  <l>t  =  ( m-N)0o -  J  AW<  +  A(  4>+0o  +n /£)  +  k2z„  +  n  /2, 

Atu  =  to  NO  and  ae  =  (-l)w  (Bu/Bt)  Jm_N  (a mnR,). 


B.  TMmn  mode 

wk,Vtft?c2)  (NJa)  JN(a)  cos4>m  (15) 

4>m  =  Aw-am  (1-  wktvtJk2e2)  (Nfot)  Jf](a)  sin«I>ffl  (16) 

1  =  -  am(Q  „/kzc2)  [w*-(*,Nn  /a2,)  |  /N(a)  cos4>m  (17) 

=  -  am(H  At)  [(1- v*fi?)-(wNCl  /a*»c2)(l-  kt  Vt/w)  jjN(a)  cos<l>m 

(18) 

where 

*m  =  *t-ir/2  and  <zm  =  (-  l)f,(k,eEu/mfl  „)  Jm.N(amnR0) 

First,  we  shall  derive  two  invariants  from  each  set  of  governing  equations. 
From  Eqs.  (ll),  (13)  and  (14),  by  taking  their  relative  ratios  to  cancel  out 
JtJ(a)  cos<t>e,  two  invariants  are  obtained  for  TEmn  mode  case: 

kzV,  -  M«.=  (k2c2/w  -  k,vt0)  (1-7*A)  (19) 

(fl  ./t»™«)!  (a2-o?)  =(7-7,  M„A»)2'  7?  ( 1  ~kzvzo/w)2-  (kzc  /to)2(7~  7  ,)a  (20) 

with  the  aid  of  (19),  we  can  express  Au>  for  TEmn  mode  case  to  be 

A*,  =  Aw„  +  (w0-k2c2/w)  (7_7«)/t  (21) 

where  A w„  =  w-  w0  and  w„  =  NCI  „/r«  +  k,v„ 

Similarly,  from  the  relative  ratios  of  Eqs.  (15),  (17)  and  (18),  two  invari¬ 
ants  for  TMmn  mode  case  are  obtained  to  be 

(7»*-7,v„)  [7x+7,v„-2*,7VO  j  =  e*(7-7,)  [7+7,- 2AO  ,  w/a2nc2  j  (22) 
7-7,  =  [m7»x-7.»»)  +  (0,/*W)  (a2- a2)  j/to  (23) 
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With  the  aid  of  (22),  Aw,  for  TMm .  mode  case,  can  be  expressed  to  be 
Aw  =  Aw,,-|-w,(q-q,)/q+(7(,/y)  {w,  (wf 

~  Aw^+lw,,-  l/S(k2c2/u>nA  ('J+'J»-2Nfl  (24) 

where 

t»i  =  M»- (*2Am»)(NO  ./?„) 

and 

w,2  »  (fr2e2/y2)  ('T-'Jo)  (7+70- 2iVn  0W/h2sc2) 

is  assumed. 

In  the  above,  we  have  derived  two  sets  of  governing  rate  equations  (11)- 
(14)  and  (15)-(18)  for  describing  the  behavior  of  the  electron  beam  inside  a 
circular  waveguide  in  the  presence  of  electromagnetic  fields  of  TEmn  mode  or 
TMmn  mode  respectively.  In  order  to  close  the  system  of  equations,  it  is  neces¬ 
sary  to  include  a  field  equation  that  takes  into  account  the  effects  of  the  dynam¬ 
ical  properties  of  the  medium  on  the  field.  Since  the  purpose  of  this  work  is  to 
derive  a  single  nonlinear  equation  for  describing  the  temporal  evolution  of  the 
field  amplitude  of  the  electron  cyclotron  maser  instability,  the  field  equation 
used  for  the  present  analysis  is  the  energy  conservation  equation: 

n°m°cU  Yt  <7  >  +  (</167r)  7t  Eo  =  °  (25) 

where  n„  is  the  electron  beam  density  averaged  over  the  cross-section  of  the 
guide,  <>  stands  for  an  average  over  the  initial  random  phase  distortion  of 
the  electron  beam,  and  E0  =  ( w/amnc)Bl0  and 

«  =  (1  +I‘e,y)  +  [l-(m+l)sAL*&]  £+«  (<>mnRw)} 

+  (amnc/w)2  j\-  m2/alnR&  j  J&  ( amnRw ) 

for  TEmn  mode  and  E„  =  Ez0  and 

<  =  (l+w2/*2c2)  ]+  J'l(amnRW) 

for  TMmn  mode.  Equation  (25)  is  then  integrated,  the  result  is 

nomoc2(  <1  >  -!»)=-  (€/16tt)  [e2(0  -  E?(o)  j  (26) 


1.2.  ANALYSIS 


In  the  present  analysis,  the  effect  of  depletion  of  the  rotational  free  energy 
of  the  electrons  by  the  unstable  waves  will  be  assumed  to  be  insignificant,  £„(<) 
and  0(t)  are  thus  expected  to  vary  with  time  much  faster  than  other  variables 
q,  a  and  vz  in  (11)-(14)  and  (15)-(18).  Therefore,  only  two  rate  equations  (12) 
and  (13)  or  (16)  and  (17)  from  each  set  of  equations,  will  be  employed  in  the 
following  analysis.  They  are  further  unified  into  one  set  of  equations  expressed 
approximately  as 


-  Aw  -  AE„  sin<t> 


d_ 

dt 


q  =  DE0  cos<J> 


(27) 

(28) 


and 


Aw  =  A w„  +  G(q  -  q,,) 


(29) 
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where  the  notations  used  for  (i)  TEmn  mode  case,  are  <t>  =  4>g,  G  =  (w0-  k?c2/w)h0, 

A  =  (- l)N(aJMc/B0)  (1-  k,vu/w)  Jm-»(amnR0)  {  *- ■ /-  [as^(Q,)!} 

a,  w, 

and 

D  =  (-  l)N  (n  lhoB„amnc)  Jn_N{amnR„) 

|ajJN(a)  sin  4>j||< <  |  Is  assumed  to  reduce  (12)  to  (27)  and  for  (ii)  75l/m„  mode 
case,  are  <t>  =  4>m,  G=(w„- (k?c2/wi)  (i-  Nn  <,w/'t<,a2nc2)/-y(,, 

A  =  (-  l)N{kte/B,)(l-wv„Jkte2)  Jm-N(amnRt)(Nft0)  JfJ(a0) 

and 

D  =  (-l)N+1(n  ./B.cUv„-k,NClthtct*.) 

^.a,  and  t>,  replaced  by  their  initial  values  ~i0,  a,  and  in  the  coefficients  A,  D 
and  G  is  followed  by  the  assumptions  that  they  vary  with  time  much  slower 
than  E0(t)  and  <t>(t)  and  the  effect  of  beam  energy  depletion  is  insignificant. 

We  now  introduce  an  average  procedure  to  combine  Eqs.  (25),  (27)  and 
(28)  into  a  single  nonlinear  equation  for  describing  the  temporal  evolution  of 
the  field  amplitude  E„(t).  We  first  take  the  average  over  Eq.  (28)  and  compare 
the  result  with  Eq.  (25)  to  establish  the  realtion: 

<cos  4>>  =  -  (</8 nn0m0e2D)  —  E„  (30) 

at 

We  next  take  the  average  over  Eq.  (29)  and  use  the  relation  (26)  to  obtain 

<Aw>=Aw0-(Gc/l6n  N„m0c2)  [f?„2(f)-  E2(o)  j  (31) 

Equation  (28)  is  integrated  to  obtain  qr-qrtf,  which  is  then  used  to  express  Aw  as 

t 

Aw  =  A w0  +  GD  J  E0(t') cos  4>'  dV  (32) 


We  now  multiply  (27)  by  sin4>  and  cos*  respectively  and  then  take  the  average 
over  the  resultants,  two  moment  equations  are  obtained 

-~<cos<l>>  =  Aw0  <sin <!>>-!-—  AE0(  1-  <  cos  2<t>>) 
at  2 

+  ~GD  f  dt'E„(  1')  <  *m(  4>+<J>)  >  +  <sm(4>-  4>’)>  j  (33) 


—  <  sin  $  >  =  -  Aw„  <  cos  <P  >  -  —  AE„  <  sin  2<t>  > 
at  2 

J  dt'E„(  t')  £  <  cos(  «t> -h «!> )  >  +  <  cos(4>-  4>')  >  j 


(34) 


where  we  have  derived  two  coupled  moment  equations  which  are  also  coupled 
to  the  higher  order  moments  <cos2«t>>,  sin<2<t>>,  < eos(<J>+<j’')  >,  and 

<sin(<t>+4>') >.  In  principle,  a  hierarchy  of  moment  equations  can  be  derived  in 
the  similar  way,  they  have,  however,  to  be  truncated  at  certain  degree  in  order 
to  close  the  system  of  equations.  This  is  done  by  neglecting  all  those  of  higher 
order  moments  in  (33)  and  (34).  Further,  since  <P  -  4>'  becomes  independent 
of  the  initial  random  phase  in  the  lowest  order  term  of  Its  expansion,  we  may 
approximate 


<sin(4>-  <P')  >~-  sin  A4>(  t-  t')  and  <  cos{  4>-  <!>')  >~cosA<J>(  t-  l') 


(35) 


(36) 
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where  A 4>(/-  /')  =  f  <a w(r)>dr  and  <A w>  is  given  by  (31). 

V 

With  those  simplifications,  (33)  and  (3-1)  reduce  to 

j  t 

—  <  cos<t>  >s=Aw1,  >  +  7-A£a- 7-GZ)  f  dt'E(l( /')sinA<I>(  t-  t') 

0 

and 


i  • 

—  <sin4>>^-  Aw0  <cos4>  >  -  —  GD  /  E0{  i')cosA<l>(  t-  t')  (37) 

0 

Finally,  a  nonlinear  differential  equation  for  the  field  amplitude  E0{t)  can  be 
derived  by  combining  (36)  and  (37)  together  with  the  aid  of  the  relation  (30), 
the  result  is 


d 3 
dt3 


E0(t)+(Aw?+c0)—E0(t) 


Ge[E0\t)-E?(o)  ‘ 

32nAw0Cl  am0c2  „ 


dt'E0(  i')cosA4>(  1-  t')  (38) 


where  c0=4n  n^i^c^DAjt  and  a0  =  ^ir  n0in,)ciAw0  GD2/i. 


(2)  Relativistic  Adiabatic  Invariants  of  Electron  Motion  under 
Electron  Cyclotron  Resonance  Heating  I'ECREO 

Three  adiabatic  invariants  of  the  electron  motion  under  electron  cyclotron 
resonance  heating  by  three  differently  polarized  heater:  (l)  ordinary  mode;  (2) 
extraordinary  mode;  and  (3)  electrostatic  mode  are  derived.  These  relations 
determine  the  electron  trajectory  in  the  phase  space  and  hence  provide  neces¬ 
sary  information  on  the  process  of  energy  transfer  between  the  electrons  and 
the  coherent  waves. 


2.1.  Characteristic  Equations 

The  nonlinear  interaction  of  a  single  electron  with  a  heating  wave  of  arbi¬ 
trary  polarization  near  a  cyclotron  harmonic,  is  analyzed,  where  w  is  the 

efl0 

wave  frequency,  n= - =n„/7  is  the  relativistic  electron  cyclotron  frequency, 

7  m,c 

n  „  =  e#,,/m()c,_7=( i+F2/w0 c2) 1/2  is  the  relativistic  factor,  B„  is  the  background  mag¬ 
netic  field,  P  is  the  momentum  of  the  electron  and  N  is  an  integer.  The  rela¬ 
tivistic  electron  orbit  equations  are 


Yt  R  =  ?hm0 


(1) 


and 


—  P  =  -  e[E  +  (T3/^ m0 c)  X ( S  +  lB„) } 


(2) 


where  one  coupled  to  the  energy  equation  of  the  electron 


(3) 


m<,c2  —  7  =  -(«/7  m0)EP 

where  (3,P)  are  the  spatial  and  the  momentum  coordinates  of  the  electron  in 
the  phase  space,  m  is  the  rest  mass,  and  &  and  3,  the  heating  wave  fields  of 
arbitrary  polarization,  have  the  following  general  expressions: 

E  =  [£-  ( k,/ki)x  ]  e  „  cos(k±x  +  ktz  -  u>t) 

+  #  e,cos(k±x  +  kzz  -  wt  4-  tf>j)  +[z+(iz/iJ)f]e,sin(^_lx  +  kzz  -  u>t  +  <f> ,) 

3  =  (e/w)F  xS  (4) 

here  F  =  +  zkz,  and  <,  represent  the  held  amplitudes  associated  with  the 

ordinary  mode,  extraordinary  mode  and  electrostatic  modes,  respectively,  and 
<t>x  and  4>,  are  the  arbitrary  constant  phases.  The  collective  effect  of  the  plasma 
on  the  wave  propagation  and  polarization  is  not  included  in  the  analysis. 

We  first  decompose  Eq.  (2)  into  transverse  and  axial  components.  We 
next  combine  the  two  transverse  components  together  by  using  the  complex 

notation  P~  =  P,  -  iPv,  and  use  (3)  to  simplify  the  axial  equation  for  Pz.  The 

results  are 

[■^■  +  ‘(0  +ni)|P'=-i(l-i1t)1/u)£--  e(klvJu)El  (5) 


Pi  =  -  e(l-  Ft +  ( kju})mc 2  -^-7  (6) 

where 


E~  =  Ex-iEv=-  (kz(  „/kl)cos(,kix+kzz-  wt)  - 
it;Cos(kix+kzz-u>t+<f>1)+f,s\n(kix+kzz-wt+<t>,) 


and 


n  z  =  eBz  /7  m0  c. 


Eq.  (5)  is  then  integrated  formally  to  be 

t  t * 

-■/  (fi'+n  ;)<«'  «  1/  (n"+n  »)*'' 

=  e  0  {P;  -  ef  dt'e  *  [( 1-  k,  vl/w)EP  ( I')  +( k^/^EA  V)  j}  (7) 

where  P;  =P01-  iPoy=  Pole  =  tarr'(  v„v/v0J)  is  the  initial  phase  angle  of  the 

electron  in  velocity  space,  n'=Q  (<'),  R"=R(t"),  n  "=n  ,(<")  and 

Since  the  wave  field  3  itself  depends  on  x  and  z,  i.e.,  the  solution  of  (l) 
and  (2),  it  is  useful  to  define  a  self-consistent  trajectory  prior  to  expressing  (7) 
explicitly.  Near  the  cyclotron  harmonic  resonance,  i.e.,  w~AT) ,  only  the  slow 
time  varying  component  of  the  integral  on  the  RHS  of  (7)  contributes  to  the 
resonance  trajectory  of  the  electron.  One  can  then  define  such  a  set  of  self- 


consistent  resonance  trajectory  as 


1 

t 

vs  =  vxcos 

K +*(0+/  n'rfi' 

© 

,  Vy  =  Vasili 

0t+#(O+f  n  'dt' 

0 

x=X'+{v,/n ) 


and 

t 

*=*„+/  vldt'  , 
o 

where  v'z  is  assumed  to  retain  only  those  of  slow  time  varying  components,  *  is 
the  self-consistent  phase  shift  of  electron  gyratron  due  to  the  resonance  interac¬ 
tion,  and  ’i'(o)=o.  Substituting  this  set  of  resonance  trajectories  into  (3),  (5), 
and  (6),  the  governing  equations  for  the  slow-time  varying  components  of  the 
variables,  and  *  are  derived  to  be 

-~a  =  ao(u>-/c2vi/kz)(N/a)JN(at)cos<fi#-a,(u)-l;tv2)Jri(a)sin(<f>N+0x)  (8) 


-  a,u(N/a) JN(a)sin(<l>N+<l>,) 

Aw  |l+aiyN(a)cos(^N-(-^,)|-  a„(w-  l\/t,)(N/a)  J^(a)sin<^N  (9) 

-  a2{u)-k2vz){~~  j}cos($N+<£,)-  a,w(JV  /a)  ^(a)cos(^  N+<f> .) 

-jp  =  o/kt2c2)(k?Nn  /kl-k,vt)JN(a) 

COS <t>n  -  Ma/q)(n  2oj/klc2)J{J(a)sin{<f)N+<j)x) 


-  a,(a»n  Jklc2)(Nn  +klvl)  JN(a)sin(<f> N+<f> ,) 


(10) 


Ttlv 


a«(n  ,/i,)(w-  k2NQ  /kl)JN 


cos <t>N-  a,(ot/')){kin  l/k£ )JfJ(a)sin(<j>N+d>I) 


-  a.(*,0  )JN(or)sin(^N+^>t) 


(11) 


where 
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a  =  fexVj/fl  .  <t>N  =  N(90+'ir)+kix0-\-klz<)-  J  Au(t’)  df  ,Aw=w-  Nfl  -  kzvz  ,ae-(ksct  JuiB,)  , 

0 

a,=(kictI/wB,)  ,a,=(klct,/uB0)  . 

and  JN(a)  and  Jrf(a)  are  the  Bessel  functions  of  order  N  and  its  derivative, 
respectively. 

2.2.  Adiabatic  Invariants 

We  now  proceed  to  derive  the  adiabatic  invariants  relations  from  the 
characteristic  equations  (8)  -  (11).  Since  different  modes  will  propagate  to 
different  locations,  we  hence  derive  the  invariants  separately  for  each  mode. 
The  general  procedure  to  derive  the  invariants  is  by  taking  the  ratio  of  the  two 
relevant  equations  among  the  four  characteristic  equations  and  then  integrating 
the  resultant  ratio  to  obtain  each  invariant.  Three  independent  combinations 
can  be  made  and,  hence,  three  invariant  relations  for  each  mode  can  be 
derived.  We  consider 

A.  Ordinarily  Polarized  Heater,  i.e.,  a,~o=a,: 

We  first  take  the  ratio  of  (10)  to  (ll),  the  result  is  then  integrated  to  be 

(ivz-  kzNCt  0/k2  )2-  c2(7-  JVO  tk2/k2 u)2  =  const  in  time  =  A01  (  1 2) 

Similarly,  from  (8)  and  (10),  yields 

7-  (uj/k2c2)(kz'yvz  4-  O  ,ct2/2 N)  =  const,  in  time  =  A02  (13) 

where  A02  is  related  to  Ax.  The  relationship  is  obtained  by  substituting  (13)  into 
(12)  and  using  the  relation 

72  =  l  +(n  . a/k xc)2  +  (We)2  =  1+P“/*V 


the  result  is 


A0x=lk2/k2){Nn  ,/w)  2A2+(k?/kl){u>Nn  0/k2c2)-(k2/k2)(Nn  ,/w)  (14) 


The  last  invariant  is  obtained  from  (8)  and  (9)  and  it  is 

JN(a)s\n<l>N  -  ( kzk2 /k2Cl  0a0)  \^vz- (kzc2/2Nn  ,)(n  « /Arxc )2or2J 


(15) 


=  const,  in  time  =  403 


B.  Extraordinarily  Polarized  Heater,  i.e.,  a0=o=a,: 
From  (10)  and  (11),  we  obtain 


qr(  1- uvz/kzc2)  =  const  in  time  =  A,, 


(10) 


and  then  from  (8)  and  (10),  and  with  the  aid  of  (10),  yields 
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('1-'1oklvlo/u>)t-(kle/u)2('i-'i<>)i-(Ci  c/klc)2ai  =  const,  in  time  =  A, 2  (17) 

Finally,  we  take  the  ratio  of  (8)  to  (9)  and  assume  that 
|(a//V)  JN+l(a)  |<<  |J)v(a)  |  the  resultant  ratio  can  then  be  integrated  with  the  aids 
of  (18)  and  (17)  to  be 

|l  +  atJN(a)  cos(  <f>N+<t> , )  j 

exp{(k  2c2/2NCl  2)  ^Au./wtf+iu./u-  k?c*/w*)(. 7-7»)2]} 

=  const,  in  time. 

=A,  3  (18) 


where  Aw0  =  w-  w,  and  w(  =  NO  „h0+k, 

C.  Electrostatic  Heating  Wave,  i.e.,  ac=o=ax 

Taking  the  ratio  of  (10)  to  (11)  and  integrating  the  resultant  ratio,  yields 

72_(7*>i  +NCl  „/kt)2/c2  =  const  in  time  =  Atl  (19) 

next,  the  result  derived  from  the  ratio  of  (8)  to  (11)  is 

a2-  2( Nk2/kzCl  ,)ivz  =  const,  in  time  =A,t  (20) 

where  A,x  and  A,2  are  related  as 

=  i-(Nfl  Jk,c)2  +  (O  Jk^fA.t  (21) 

From  (8)  and  (9)  and  with  the  aid  of  (18)  and  (20),  the  last  invariant  is 
obtained  to  be 


JN(a)cos(<l>N+<t>,)+(a2/2N-  k2c27/wn  0)/a,  =  const,  in  time  =  A,s  (22) 

We,  therefore,  have  shown  that  the  electron  trajectory  under  ECRH  is 
governed  by  three  invariants  (12),  (13)  and  (15)  with  0-mode  heating,  (16), 
(17),  and  (18)  with  X-mode  heating,  and  (19),  (20),  and  (22)  with  electrostatic 
heater.  The  second  term  on  the  LHS  of  (15)  and  (22)  and  the  exponential  fac¬ 
tor  on  the  LHS  of  (18)  manifests  the  effect  of  detuning  on  resonance  interac¬ 
tion.  There  are  two  sources  of  detuning,  one  introduced  by  the  motion  of  the 
particle  guiding  center  as  is  represented  by  the  ktv,  term  and  another  one  comes 
from  the  relativistic  effect  n=n(<)-  They  are  included  in  the  phase  equation 
(9)  in  which  the  Aw  term  accounts  for  the  total  detuning  effect  and  hence 
reflected  in  the  results  of  invariants. 

If  we  focus  on  relativistic  detuning  effect  only  and  thus  set  kz  =  o,  i.e.,  con¬ 
sidering  normal  incident  case,  the  invariants  for  each  mode  type  of  heater 
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reduces  to: 

A.  Ordinarily  Polarized  Heater: 


and 


7Sf*a_ ltvu  =  eS(7-7.)(7+7.-2An  ,/w) 


7-7.=(wn  #/2MV)(a2-a*) 


yw(a)sin<^N-  (tv,- Tf0  vlt)/vt  =  A M 


where  u,,  = 

B.  Extraordinarily  Polarized  Heater: 


11),= const.  ='i0vt, 


7s-7*=(n  ,,/*e)2(a2-a2) 


(23) 


(24) 


jt  +  aIJN(a)cos(^JV+^J)jexp{(<:2c2/2Nn  2)('y-'if1,w(,/w)2}  =  const  in  time 


Electrostatic  Heater: 


ivt=  const.  =7„o„ 


7a~7?=  (n.te)*(0f2-a*) 


(25) 


JN(a)cos(tj>N+<j>,)  +  (a2/2N-w'i/(i  „)/o,  =  const  »n  time. 


III.  InstaUlities  Excited  by  Wave-Plasma  Interaction 

(1)  Oscillating  Two-  Stream  Instability  of  a  Ducted  Whistler  Pump 

A  magnetically  field-aligned  zero-frequency  mode  excited  together  with 
two  lower  hybrid  sidebands  by  a  ducted  whistler  pump  is  investigated.  The 
thermal  focusing  force  is  found  to  be  the  dominant  nonlinear  effect  on  the 
excitation  of  large-scale  instabilities,  while  the  nonoscillatory  heating  current 
overrides  the  thermal  focusing  force  in  the  short  wavelength  region.  Our 
results  show  that  the  thermal  instability  of  whistler  waves  should  be  expected  to 
occur  in  the  ionospheric  plasmas  in  the  wave  injection  experiments  performed 
at  Siple,  Antartica.  The  excitation  of  this  instability  can  also  be  used  to  explain 
the  enhancement  of  air  flow  and  particle  precipitation  observed  during  the 
powerful  VLF  transmitter  cycle  from  a  Russian  station  and  may  possibly  be  the 
cause  of  the  lower  hybrid  waves  correlated  with  the  occurrence  of  lightning 
storms.  Further,  the  proposed  instability  may  become  a  potential  candidate  for 


7 /  heating  of  fusion  plasmas.  This  work  has  been  published  in  The  Physics  of 
Fluids. 

(2)  Excitation  of  Upper-  Hybrid  Waves  bv  a  Thermal  Parametric  Instability 

A  purely  growing  instability  characterized  by  a  four-wave  interaction  has 
been  analyzed  in  a  uniform  magnetized  plasma.  Up-shifted  and  down-shifted 
upper-hybrid  waves  and  a  nonoscillatory  mode  can  be  excited  by  a  pump  wave 
of  ordinary  rather  than  extraordinary  polarization  in  the  case  of  ionospheric 
heating.  The  differential  ohmic  heating  force  dominates  over  the  ponderomo- 
tive  force  as  the  wave-wave  coupling  mechanism.  The  heating  current  at  zero 
frequency  produces  a  significant  stabilizing  effect  on  the  excitation  of  shortr 
scale  modes  by  counter  balancing  the  destabilizing  effect  of  the  differential 
ohmic  heating.  The  effect  of  ionospheric  inhomogeneity  is  estimated,  showing 
a  tendency  to  raise  the  thresholds  of  the  instability.  When  applied  to  ionos¬ 
pheric  heating  experiments,  the  present  theory  can  explain  the  excitation  of 
field-aligned  plasma  lines  and  ionospheric  irregularities  with  a  continuous  spec¬ 
trum  ranging  from  metre-scale  to  hundreds  of  metre-scale.  Further,  the  pro¬ 
posed  mechanism  may  become  a  competitive  process  to  the  parametric  decay 
instability  and  be  responsible  for  the  overshoot  phenomena  of  the  plasma  line 
enhancement  at  Arecibo.  This  work  has  been  published  in  The  Journal  of 
Plasma  Physics. 

(3)  Earth's  Magnetic  FieldPerturbations  as  the  Possible 
Environmental  Impact  of  the  Conceptualized  Solar  Power  Satellite 

The  results  of  this  study  conclude  that  the  earth's  magnetic  field  can  be 
significantly  perturbed  locally  by  the  microwave  beam  transmitted  from  the 
conceptualized  solar  power  satellite  (SPS)  at  a  frequency  of  2.45  GHz  with 
incident  power  density  of  230  W/m2  at  the  center  of  the  beam.  The  simultane¬ 
ous  excitation  of  the  earth’s  magnetic  field  fluctuations  and  ionospheric  density 
irregularities  is  caused  by  the  thermal  fllamentation  instability  of  microwaves 
with  scale  lengths  greater  than  a  few  hundred  meters.  Earth's  magnetic  field 
perturbations  with  magnitudes  («  a  few  tens  of  gammas  )  comparable  to  those 
in  magnetospheric  substorms  can  be  expected.  Particle  precipitation  and  air- 
glow  enhancement  are  the  possible,  concomitant  ionospheric  effects  associated 
with  the  microwave-induced  geomagnetic  field  fluctuations.  Our  present  work 
adds  earth’s  magnetic  field  perturbations  as  an  additional  effect  to  those  such  as 
ionospheric  density  irregularities,  plasma  heating,  etc.,  that  should  be  assessed 
as  the  possible  environmental  impacts  of  the  conceptualized  solar  power  satel¬ 
lite  program.  This  work  has  been  published  in  The  Journal  of  Geophysical 
Research. 


(4)  A  Theoretical  Model  of  Artificial  Spread- F  Echoes 

Our  previous  work  [Kuo  and  Schmidt,  Phys.  Fluids,  20,  2529,  1983]  on 
fllamentation  instability  of  EM  waves  in  magnetic-plasmas  has  shown  that  the 
irregularities  excited  by  the  O-mode  pump  and  by  the  X-mode  pump  have 
different  polarization  directions.  The  irregularities  excited  by  the  O-mode 
pump  are  field-aligned  and  are  polarized  in  the  direction  perpendicular  to  the 
meridian  plane.  By  contrast,  the  irregularities  excited  by  the  X-mode  pump  are 
polarized  in  the  meridan  plane  and  are,  in  general,  not  field-aligned.  These 
results  are  realized  to  agree  with  the  observations  on  spread-F  phenomena  dur¬ 
ing  the  ionospheric  heating  experiments,  namely,  the  excitation  of  differently 
polarized  irregularities  by  differently  polarized  heater  is  responsible  for  the 
different  occurrence  frequencies  of  artificial  spread-F  noticed  at  Arecibo, 
Boulder,  and  Tromsp.  To  enhance  our  contribution  to  the  spread-F  problem, 
we  further  developed  a  theoretical  model  for  artificial  spread-F  echoes.  In  this 
work,  the  relationship  between  the  spread-F  echoes  and  the  HF  wave-induced 


irregularities  is  studied  by  the  proposed  model.  The  effect  of  the  irregularity 
polarizations,  scale  length,  and  the  geomagnetic  dip  angle  on  the  spread-F 
echoes  have  been  examined.  A  manuscript  has  been  proposed  and  submitted 
to  Radio  Science  for  publication. 
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A  single  nonlinear  equation  which  describes  the  temporal  evolution  of  the  field  amplitude  of  the  electron  cyclotron 
maser  instability  is  derived  self-consistently.  The  results  deduced  from  this  nonlinear  equation  are  found  to  agree  well  with 
those  of  particle  simulation. 


Recently  there  lias  arisen  the  need  to  develop  high-power  millimeter  and  submillimeter  wave  sources  for  various 
applications  in  areas  including  millimeter  ..ave  radar  communication  and  electron  cyclotron  heating  of  magnetical¬ 
ly  confined  plasma  in  thermonuclear  fusion  devices.  Conventional  microwave  devices  such  as  the  traveling  wave 
tube  or  magnetron  rely  on  a  slow  wave  structure  for  their  operation.  Power  density  as  well  as  voltage  breakdown 
considerations  place  a  lower  limit  on  the  dimensions  of  the  structure.  The  electron  cyclotron  maser  (gyrotron) 
mechanism  ( 1  -4| ,  on  the  other  hand,  is  through  the  fast  wave  coupling  (waveguide)  to  convert  the  “transverse  en¬ 
ergy"  of  the  relativistic  electron  beam  into  EM  radiation.  Moreover,  gyrotron  operation  does  not  rely  on  the  fine 
structure  of  a  waveguide  or  cavity,  and  therefore  efficient  generation  of  high  power  millimeter  or  submillimeter 
waves  by  the  new  device  called  gyrotron  is  possible. 

A  great  deal  of  the  basic  understanding  of  the  electron  cyclotron  maser  instability  mechanism  has  been  achieved 
in  previous  studies  [5—8) ,  though  continuous  efforts  in  this  area  are  still  needed  in  order  to  improve  the  power 
gain,  the  conversion  efficiency,  the  coherency  of  the  radiation  and  the  new  competing  mechanisms,  etc.  In  this 
work  the  nonlinear  evolution  of  the  electron  cyclotron  maser  instability  is  studied  analytically.  Usually  there  are 
two  mechanisms  which  are  responsible  for  saturation  of  the  unstable  wave  in  the  maser  instability.  In  the  follow¬ 
ing  analysis  the  phase  trapping  of  the  gyrating  particles  in  the  wave  is  considered  to  be  the  only  mechanism  for  sat¬ 
uration.  This  is  reasonable  if  the  initial  beam  energy  is  assumed  to  be  large  enough  such  that  the  effect  of  depletion 
of  the  rotational  free  energy  of  the  electrons  by  the  unstable  wave  becomes  insignificant.  Our  approach  to  the 
problem  starts  with  solving  the  equations  of  motion  of  a  single  electron  moving  in  the  wave  fields  and  then  follows 
with  averaging  the  results  over  the  initial  random  phase  distribution  to  obtain  the  collective  response  of  electrons 
to  the  wave  fields.  It  is  then  found  that  the  temporal  evolution  of  the  wave  field  amplitude  can  be  governed  by  a 
single  nonlinear  equation  which  is  derived  self-consistently. 

The  motion  of  electrons  in  a  dc  magnetic  field  and  the  waveguide  mode  fields  is  governed  by  a  set  of  coupled 
nonlinear  differential  equations: 

dr/dt  =  P/yntQ  ,  dP/dt  =  ~c\E  +  c_1  »X  (B  +  250)|  ,  w0c2  d^/dr  = -ef  •  u  ,  (1,2,3) 

where 

y  =  ( I  +  />2/wqc2)1^2  ,  P=ymQ t>, 

and  the  wave  fields  E  and  B  inside  a  guide,  simplified  to  be  of  plane  geometry,  are  given  by 
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f  =  r  I  =  yl{)(t)  sin  A„(.v  a)  cos  (kz:  cor)  . 

B  =  jf(A2t'/w)/-.'()(D  sin  kn{x  u)  cos  {kz:  to/)  +  Hk„c/u})B0{t)  cos  A„(.v  a)sin(Azr  <o/)  . 

kn  =  «7r/2tf  is  the  perpendicular  wave  number,  w  =  1,2,  3...  is  the  waveguide  mode  number  and  2a  is  the  distance 
between  the  two  parallel  plates. 

Although  the  vave  field  seen  by  a  stationary  observer  is  simple  harmonic  at  frequency  to,  the  fields  and  hence 
the  force  seen  by  the  gyrating  electrons  consist  of  an  infinite  number  of  frequency  components  oscillating  at  to 
S'il  k:vz(i\'  =1.2.  3...;  12  =  eB0/ym0c,  the  cyclotron  frequency).  Thus  if  the  wave  frequency  to  is  near  one 
of  the  Doppler  shifted  harmonics,  to  ~  AT2  +  A2i>2.  the  A’’  =  A'  term  becomes  the  slowest  term  and  has  the  dominant 
influence  on  the  orbit  evolution.  At  exact  resonance,  to  =  A'12  +  kzv2.  this  term  is  known  as  the  secular  term  in  res¬ 
onance  heating  analyses  ( D ,  1 0 1 .  Following  a  similar  approach,  we  first  define  a  trajectory: 

r  t 

ut  =  ujr)  cos  I  0()  +  i p(t)  +  j  12'd/'  1  .  vy  =  t^f/)  sin  I  0O  +  i }/(t)  +  j  £2'd/' 

o  0 

t 

X  =  ,v()  +  vv/n  .  z  =  z0  +  J  u'  dr' . 

o 


where  12'  =  12 <r').  v'z  =  v:(t'),  <t>0  =  tan  *(u  q/u^q).  i p  is  the  time  dependent  phase  varying  slowly  along  with  uj/) 
due  to  interaction  with  the  wave  field.  We  substitute  these  relations  into  (2)  and  (3)  and  drop  all  fast  oscillating 
terms  in  the  Lorent/  force.  Wit  the  aid  of 


expt  ia  sin  0)  = 


Jjia)  exp(i l<t>)  , 


a  set  of  self-consistent  governing  equations  are  derived  for  the  slowly  varying  functions  7.  v.  vz  and  0: 


da/dr  =  ^„iA,(A„/120Ke/-.0/w0)(  1  -  kzvzlu)J'N{ a)  cos0  ,  (4) 

d0/dr  =  Aw-  j2>„  jV(A„/120)(c/;'0/ot0K1  -  Azu2/co)a-,(d/da)[ayJv(a)]  sin  0  .  (5) 

d7/dr  =  ybn  N(Sl0lykn)(eE0lm0c2)aj'N{a)  cos  <p  .  (6) 

and 

du2/dr  =  \bn  N(n0/y2kn)(el:0/m0c2)(kzc2lu  -  vz)aJ'N( a)  cos  0  ,  (7) 

1  where 


a  ~  k„vjn  ,  6„ >iV  =  1  +  (- t)"+lV  ,  0  =  k„(x0  -  a)  +  kzz0+N(<p0  +  0)  -  J  Aw(t')dt’ , 

0 

Aco=  Aw0  +;V120(7  -  y0)/yy o  -  kz(vz  -  d:0)=Au0  +(w0  -  k]c2l w)(r  -  To )/n0  - 
w0  =  /V120/t0  +  kzvzO  •  Aoj0  =  w  -  w0  and  120  =  eB0/m0c  =  >12  . 

If  Aw0  =  0.  it  can  be  shown  that  the  wave  is  suffering  the  cyclotron  damping  only  and  no  instability  can  be 
excited.  However,  if  Au0  >  0,  i.e.  initially  there  is  a  mismatch  frequency  between  wave  and  gyrating  electrons, 
those  electrons  that  lose  energy  to  the  wave  (7  -  70  <  0)  tenc^  to  reduce  the  mismatch  frequency  so  as  to  increase 
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the  interaction  period  of  losing  energy  to  the  wave.  On  the  other  hand,  t’  ose  electrons  tliat  gain  energy  front  the 
wave  (7  70  >  0)  will  then  increase  the  mismatch  frequency  and  reduce  the  period  of  gaining  energy  front  the 

wave.  On  the  average  electrons  will  lose  energy  to  the  wave.  Therefore.  Aw  plays  a  role  similar  to  the  population 
inversion  function  in  the  two  level  system.  This  can  he  seen  by  defining  a  population  inversion  function  If'  = 
n(l7/;/t)c-(<Aw>  +  Aw0)/27/w-  and  the  averaged  polarization  current  density  Jp  =  -f7r0(J2a/A„)<cos  </>>,  where  n0 
is  the  average  electron  density  and  <  >  stands  for  an  average  over  the  initial  random  distribution. 

From  eq.  (6)  and  the  definition  of  Aw  =  Aw()  +  (w0  Ajc'/wM 7  7o)/77o'  the  population  inversion  equa¬ 

tion  is  obtained  as 

d ll'/df  =  (ft„iA-/4/iw)70<l  kU-2l^)fN(oi)Jpi:0  .  (8) 

Since  the  effect  of  depletion  of  the  rotational  free  energy  of  the  electrons  by  the  unstable  wave  is  assumed  to  be 
insignificant  in  the  present  analysis,  /-.'0( t)  and  441)  are  thus  expected  to  vary  with  time  much  faster  than  other 
variables  7.  a  and  u,  in  (4)  (7).  Neglecting  the  slow  time  variation  of  a  and  7.  eq.  (6)  is  integrated  to  obtain  7 
7,,.  which  is  then  used  to  express  Aw  as 

t 

Aw  r  Aw(1  +  .-!(,  I"  d/’  /:’,)(/')  cos  O'  ,  (9) 

0 

w  heie  ,l(1  =  jjjc  »/„<  Kw,",  Are"  01  =  vj c.  0'  -  0(/')  and  =  2.  7  ==  70  and  w  «  w0  have 

been  used. 

I  rom  the  definition  of./!,,  we  obtain 
•/p  ^  (7i0(S2,,a  A„70)<sin  0  0  +  cos  O0-). 

In  the  billowing,  we  derive  the  explicit  expression  of  <sin  0  0  +  cos  0  0">.  only  the  linear  terms  and  the  lowest  or¬ 
der  nonlinear  terms  w  ill  be  included  in  the  derivation.  With  the  aid  of  (9),  the  time  derivative  of  (5)  becomes 

Q~  cos  0  /)(,<sin  0  d/-.()/df  /  (, Aw  cos 01  +  3 Dp/. j)  sin  20  .  (10) 

wlreie 

//,,  lc  7(lw(l('d  )( I  Aru.0/w0Md/dr)|aJA  (a)|  . 

and  v.  ^  u-||  is  assumed. 

T .iking  the  square  ol  ( 5 ).  yields 

t 

0 -  Aw,-,  +  .1  (|(  Aw  +  Awq)  J  d t'E0(t')  cos  o'  +  2/4()Aw/-.()  sin  0  +  Dfi /-.p  sin20  .  (11) 

0 

1  bus. 

'sm  0  0)  7 //„  d/-.„/dr  +  {Z?0/f0<Aw  sin  20)  +  3 p<cos 0>  (12) 

and 

fo  js  0  o’>  5=  Aw-jicos  0)  +  .4 1!  ^  (  Aw  +  Aw,,)  cos  0  J  d/7  (|(/’)  cos  O')  +  /)(|/:(|<Aw  sin  20> 

u 

+  *IKJ  fl's"S  0>  .  (14) 

w  here  the  highci-oidcr  terms  <cos  20).  (sin  20>  and  (cos  40)  have  been  neglected. 

\\  e  I  Hither  approximate 
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sill  0  j  df7:0(/’)  cos  <l)'\  =  5  j"  d/7-.'0(/’)<sin  (0  -  0’)  +  sin  (0  +  0')) 

(i  '  0 

! 

=  y  J~  sill  (Aw)(f  r')  +  ...  . 

0 

r  \ 

sin  20  J  dt’frftU' )  cos  <p' ' 

o  1 

t 

=  y(sin0)  J  d/7fg(/’)  cos  <Au>)(/  f’)  +  y<cos0)  J"  d/7:'0(r’)  sin  <Aw)(i  -  r’)  , 


and 


r  \  f 

Aco  +  Aojg)  cos  0  J"  d r'7’g(/')  cos  0' )  =  y((Aco)  +  Acjg) J"  dr7-,g(r')  cos  (A co)(t  -  /')  , 

o'  0 

where  <  Aco)  will  be  defined  later. 

With  the  aid  of  ( 14),  we  also  have 

t 

< sin  0  0)=  Aco0<sin  0)  -  yzlg  J  sin  <Aco)(r  -  t')  —  y D0E0  , 

0 

from  which  we  obtain 

t 

<sin0>=  (sin  0  0)/Acou  (zlg/2Aw0)  J  dt'h0(t')  sin  <Aw>(f  -  t’)  -  Z)g7'0/2Ato0  . 


(14) 


(15) 


(16) 


(17) 


(18) 


Substituting  (18)  into  ( 15)  and  subsequently  substituting  (15)  and  (16)  into  (1 2)  and  (13),  together  with  the  aid 
of  the  relations  <cos0>  =  -  (kn/en0£loc)Jp  and  (sin  0  0)  =  (knleno^loi)Jp.  the  explicit  expression  of  (sin0  0  +  cos  0 
X  02>  is  then  obtained,  and  the  equation  for  the  polarization  current  is  derived  as 

••  •  S  UgtOgflW  r 

7p  +  ~sJ p  +  A ojjjp  =  ~  — - * - — —  /  dc7:0(r  )  cos  <Aw>(/  -  r') 


87r7y(a)70//0w0c2Aw0 


8rr7o(a) 


(<Zn  L  \  Cn  dfn 

I  ‘irt0<'  > si"  <a"X'  -'■>)-  S7>)  TT  • 


(19) 


where 


3w0c„  (1  k2zc2lul)h0  j.  , 

S  =  — t —  - r—  /  7.(7/  )  cos(Aw)(r  -  t  )df  , 

>oAw0  32ny0n0m0c2  { 


a0  ~  2( t0p/7y cog W±( coy  -  7^c")lt/^(a)Aojg  ,  eg  -  (cOp/70Wg)(wg  -  kz Vzo)Qfl(Ot)  , 
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v  4c(|C9  v(l  A,  l>.(|/w(  >)/:,]  ()Wn('o  (  1  -  A,l>z0/w0)A0  r  ,  , 

Aw]  -  Aw,]  +  —  7~ - —  + - - —  I  dr /-.0(r  )  sin  (Aw)(f  f) 

0-  A  .?2ff70/i(l»i()t-  70  32rry()«0/w0t-  5 


u.‘  -  4miy<’~/>n{).  n()  is  the  electron  beam  density  averaged  over  the  cross  section  of  the  guide,  1*^(0:)  =j'tf(a) 
and  t>\tn)  =  J’v(a)(d  da))a./v(a)|.  This  equation  is  analogous  to  the  polarization  equation  of  the  laser  medium. 

f.qs.  (8)  and  ( |9)  describe  the  behavior  of  the  electron  beam  in  the  presence  of  an  electromagnetic  field.  In  or¬ 
der  to  close  the  system  of  equations,  it  is  necessary  to  include  a  field  equation  that  takes  into  account  the  effects 
of  the  dynamical  properties  of  the  medium  back  on  the  field.  Since  eqs.  (8)  and  ( Id)  only  include  the  field  ampli¬ 
tude.  energy  conservation  equation  should  be  sufficient  for  the  present  analysis.  Thus 

,(•*  d<-y>/dr  +  ( I/16;r)  d/.^/dr  =  0  .  (20) 

From  (8)  and  (20).  the  following  relations  are  obtained: 


(Aw)  ”  AWn 


(  coq  -  Aj c~  I  uj()  )/■.,] 

16jm07o'»o£'2 


H.  =  «0W]  / 

/lw2  V 


(0Jq  —  A  Jc'~/Wg  )/•.(} 


327ru07o'"o< 


p). 


4TTf)n  yj'y(a)j p  =  d/'-0/d/  . 

Substituting  (22)  and  (23)  into  ( 19).  a  nonlinear  equation  for  the  field  amplitude  Kq (r)  is  obtained. 

d-V: n  d"/:()  dA()  /  w]j  -  Ajc"  h.  q  \  r  <  , 

— -  +  2s  — -  +  (Aw]  +  f0) -77—  =  fl()  I 1 - \ - - - - - — :  )  I  dr  A0(r  )  cos  (Aw>(r 

dr3  dt2  dr  '  w0Aw0  327Wn7,1Wnf2  '  c\ 


d/.j,  /  coq  -  kyC  r.Q  \  r 

— -  +  2s — -  +  (Aw]  +f0)-r—  =  fl0  I  1 - 7 - - - - - —  I  f  d rA0(r  )cos(Aw>(r  -  r') 

dr3  dr2  dr  '  w0Aw0  32m0y0m0c2 '  c] 

■1  ( 2c0/T0  +  J  dr'/:0(r')  sin  <Aw)(r  -  r’)  j  .  ('. 

If  we  drop  the  nonlinear  terms  and  assume  that  A 0( r )  =  A.0(0)e17  in  (24).  the  linear  dispersion  relation  is  re¬ 
covered 

w2  /02Aw„(w(]  -k~c2)WA/(a)  |  (w0  -  A2uz0)£>v(a)\ 


(I2  +  Aw^)2 


(r2  +  Aw^) 


Thus  we  have  derived  a  single  equation  which  describes  the  nonlinear  evolution  of  the  field  amplitude  in  elec¬ 
tron  cyclotron  maser  instabilities.  This  constitutes  the  main  contribution  of  this  paper.  It  can  be  shown  that  in ( 14). 
the  field  amplitude  A().  including  that  which  appeared  in  the  coefficients,  can  be  normalized  to  e(r)  =  /f0(r)/ 
(32t7H(I>,()»?()C2),1,_.  a  small  quantity: and  the  time  scale  to  r  =  Aw0r,  a  slow  scale.  Although  the  physics  contained 
in  eq.  ( 1 4)  is  not  immediately  apparent  and  the  complexity  of  the  equation  defies  analytical  solution,  it  neverthe¬ 
less  offers  significant  advantage  in  numerical  work  as  compared  with  brute  force  particle  simulation  approach, 
liven  after  one  first  removes  the  fast  field  oscillations  while  dealing  with  a  set  of  equations  of  a  slow  variable  |e.g. 
eqs.  (4)  (7)  plus  some  relationship  which  closes  the  system | .  the  savings  in  computational  effort  can  still  be  sig¬ 
nificant. 

As  a  comparison  we  integrated  ( 14)  numerically  using  the  normalizations  in  /•.' 0  and  r  mentioned  earlier  and 
the  parameters  of  ref.  |6| .  The  results  are  plotted  in  figs,  la  and  lb.  Compared  with  those  given  by  figs.  14  andl5 
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I  it'.  I .  (a)  Radiation  field  amplitude  evolving  in  time.  emax  =  X.  14  x  10  2  and  emjn  =  4.49  X  1LT2  are  in  good  agreement  w  ith 
the  results  of  particle  simulation,  (b)  Growth  rate  versus  time. 


of  ref.  |6| .  the  agreement  is  remarkable.  It  is  seen  that  the  maximum  values  of  the  field  and  the  growth  rate,  and 
the  time  between  the  two  points  when  the  growth  rate  is  equal  to  zero  given  here  agree  with  those  shown  by  figs. 
14  and  15  of  ref.  |6|  to  an  accuracy  as  much  as  one  may  extract  form  the  graphs.  The  main  discrepancy  between 
the  two  results  appears  at  the  value  of  emin.  Tltis  may  be  because  only  the  lowest-order  nonlinear  terms  in  the 
phase  expansion  are  included  in  the  present  approach.  Titus  the  phase  does  not  evolve  reciprocally  so  that  the  ef¬ 
fect  of  electrons  regaining  energy  from  the  radiation  field  is  less  pronounced.  Although  this  is  a  point  of  important 
phy  sical  interests,  in  operations  of  gyrotrons,  such  a  regime  should  not  be  reached  in  practice.  Thus  one  can  ex¬ 
pect  to  directly  derive  the  power  gain,  the  conversion  efficiency  and  also  the  dynamic  properties  of  the  collective 
response  of  the  electron  beam  to  the  excited  wave  fields  from  this  single  equation  without  relying  on  particle  sim¬ 
ulation. 

Finally,  we  would  like  to  comment  on  what  difficulty  one  may  encounter  in  dealing  with  this  nonlinear  differ¬ 
ential  integral  equation  numerically.  Tills  we  can  do  only  based  on  our  experiences.  In  the  effort  discussed  above, 
we  have  employed  a  simple  trapezoidal  integration  routine.  Kqtial  time  steps  Ar  varying  from  7r/100  to  it/  1 000 
have  been  used.  The  method  is  insensitive  to  the  initial  conditions.  In  fact  during  one  computer  run,  an  initial 
growth  rate  three  times  larger  than  the  correct  value  was  used.  The  field  evolves  and  converges  quickly  to  the  cor¬ 
rect  values  except  during  the  initial  period  while  still  in  the  linear  regime.  The  results  t  are  also  insensitive  to  the 
step  size  before  numerical  instabilities  sets  which  occur  some  time  alter  the  growth  rate  T  goes  from  negative  to 
positive  again.  No  serious  effort  beyond  varying  the  step  size  was  made  to  remedy  this  problem.  We  are  not  aware 
of  any  published  results  of  particle  simulation  which  are  carried  out  to  this  extent. 
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A  magnetically  field-aligned  zero-frequency  mode  excited  together  with  two  lower  hybrid 
sidebands  by  a  ducted  whistler  pump  is  investigated.  The  thermal  focusing  force  is  found  to  be  the 
dominant  nonlinear  effect  on  the  excitation  of  large-scale  instabilities;  while  the  nonoscillatory 
beating  current  overrides  the  thermal  focusing  force  in  the  short  wavelength  instabilities. 
Applications  of  these  studies  to  space  and  laboratory  plasmas  are  discussed. 


I.  INTRODUCTION 

Interest  in  the  radio  frequency  (rf)  heating  of  plasmas 
has  stimulated  extensive  studies  on  the  parametric  instabili¬ 
ties  driven  by  whistler  pumps  in  either  the  ducted  or  non- 
ducted  mode.  The  excited  sideband  modes  may  be  electro¬ 
magnetic  waves1'5  (i.e.,  the  daughter  whistler  waves)  or 
electrostatic  waves6"8  (i.e.,  the  lower  hybrid  waves)  when  the 
pump  wave  frequency  is  near  the  lower  hybrid  frequencies. 
In  the  former  process  the  concomitant  low-frequency  mode 
can  be  an  ion  (or  electron)  acoustic  wave  or  a  shear  Alfven 
wave.  The  possible  low-frequency  modes  discussed  widely  in 
the  latter  process  include  a  backward  ion  cyclotron  (or  ion 
Berstein)  mode  and  a  quasi-ion  mode. 

In  this  paper,  we  investigate  the  parametric  excitation 
of  a  magnetically  field-aligned  zero-frequency  mode  togeth¬ 
er  with  two  lower  hybrid  sidebands  by  a  ducted  whistler 
pump.  This  is  the  oscillating  two-stream  instability  of  a  whis¬ 
tler  pump  analyzed  by  a  four-wave  interaction  process.  The 
influence  of  various  nonlinear  effects  on  this  instability  is 
evaluated.  The  thermal  focusing  force  that  results  from  the 
differential  Ohmic  heating  of  the  whistler  pump  and  the  low¬ 
er  hybrid  sidebands  dominates  in  exciting  this  instability  in 
the  large-scale  regime.  However,  the  nonoscillatory  beating 
current  that  is  driven  by  the  whistler  pump  field  on  the  den¬ 
sity  fluctuations  of  lower  hybrid  sidebands  overrides  the 
thermal  focusing  force  effect  in  the  short-scale  regime  of  the 
instability.  In  any  case,  the  ponderomotive  force  (i.e.,  the 
radiation  pressure  force)  does  not  have  a  significant  effect  on 
this  instability  as  long  as  the  phase  velocity  of  the  whistler 
pump  far  exceeds  the  electron  thermal  velocity. 

The  coupled  mode  equations  for  the  lower  hybrid  side¬ 
bands  and  the  field-aligned  purely  growing  modes  are  de¬ 
rived  in  Sec.  II.  These  modes  are  coupled  through  the  whis¬ 
tler  pump  wave.  A  dispersion  relation  is  obtained  in  Sec.  Ill, 
where  the  relative  importance  of  the  nonlinearities  contrib¬ 
uted  from  the  thermal  focusing  force,  the  ponderomotive 
force,  and  the  nonoscillatory  beating  current  is  evaluated. 
The  applications  of  our  work  to  space  plasma  and  laboratory 
plasma  studies  are  discussed  in  Sec.  IV  with  specific  exam¬ 
ples.  Conclusions  are  finally  drawn  in  Sec.  V. 

II.  COUPLED  MODE  EQUATIONS 

We  consider  the  propagation  of  a  ducted  whistler  wave 
in  infinite,  spatially  uniform  plasmas  embedded  in  a  uniform 


magnetic  field  B0  =  zB0, 

Eq  =  e0(x  +  iy )  exp[/( kgZ  -  co0t )], 

where  eo0  and  k0  are  the  angular  wave  frequency  and  wave- 
number,  satisfying  the  dispersion  relation 

1  -  [co^/co0(co0  -  /?,)]  =  k20c2/to20,  (1) 

wherein  to ^  and  fle  are  the  electron  plasma  frequency  and 
the  electron  cyclotron  frequency,  respectively. 

The  zeroth-order  velocity  responses  of  electrons  and 
ions  to  the  whistler  wave  may  be  written  as 

Vo,.,  =  T  i  (ee,/me, )[(*  +  iy)/(co„  +  Or, ) ] ,  (2) 

where  the  subscripts  e  and  i  refer  to  electrons  and  ions  and 
correspond  to  the  —  and  +  signs,  respectively. 

We  now  analyze  a  parametric  process  whereby  the 
whistler  pump  wave  excites  two  lower  hybrid  sidebands 
(co±,k  ±)  and  a  field-aligned  purely  growing  mode  (&>,,k). 
The  wave  frequency  and  wave  vector  matching  relations  for 
this  four- wave  interaction  require  that  co+  —  co, 
=  co0  =  co_  +  co*  and  k ,  —  k  =  k,,  —  k  -t  k.  We  take 
k  =  x k  and  co,  =  iy  for  the  purely  growing  mode,  where  a 
positive  y  is  the  linear  growth  rate.  Then,  the  matching  con¬ 
ditions  become  co  ±  =  co„  +  iy  =  co  and  k  ±  =  zk0  ±  xk. 

The  lower  hybrid  sidebands  are  excited  through  the 
beating  current  density  driven  by  the  whistler  pump  field  on 
the  density  perturbation  of  the  purely  growing  mode.  The 
coupled  mode  equation  for  these  high-frequency  sidebands 
can  be  derived  from  the  following  fluid  equations  for  elec¬ 
trons  and  ions: 


■ve±  =  co(8ne±  /n0)  — 

(n,t/n0)kt  -Vo,, 

(3) 

wv. 

t  +ifitye±  Xr=  - 

kt  t  +  iv,v1±  , 

(4) 

k±  ■ 

■v,  ±  =  co{Sn,  ±  /n„)  - 

(n!±  /n0)k±*v0,, 

(5) 

and 

"|V(±  -iO,vl±  Xz 

=  (e/m,)k,  d>t  +  /‘v,v,±  . 

(6) 

Equations  (3)  and  (4)  [(5)  and  (6)]  come  from  the  linearized 
electron  (ion)  continuity  equation  and  the  electron  (ion)  mo¬ 
mentum  transfer  equation,  respectively.  The  variables,  v,  ,  ±  , 
Sne,  t  and  <t>  ±  ,  represent  the  velocity,  density,  and  electric 
potential  perturbations  associated  with  the  excited  side¬ 
bands.  Under  the  quasineutrality  assumption  (i.e.,  n„  =  rt„ 
=  n,),  the  density  perturbation  associated  with  the  purely 
growing  mode  is  denoted  by  n,  (  =  ns  +  =  n*  ).  Here 
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(o  =  aj-\-  /v,  in  (4)  and  <u,  =  co  +  /v,  in  (6),  where  v,  and  v, 
=  ve  (me/m,)  are  the  electron-ion  and  ion-electron  colli¬ 
sion  frequencies,  respectively.  The  thermal  pressure  terms 
have  been  neglected  in  (4)  and  (6),  because  we  assume  that 
k2Te/m,Tl2e,  k\TJmeco\,  and  k2T,/m,o)\  are  much  less 
than  1,  where  Tt  and  T,  are  the  electron  and  ion  tempera¬ 
tures,  respectively.  Hence,  the  Landau  damping  effects  may 
be  ignored  in  our  fluid  description  of  plasma  dynamics. 

Solving  (3)-(6)  for  8rte  t  and  Sn,  t  and  substituting 
them  into  the  Poisson’s  equation  k2t<t>  t  =  4  re(6n,  t 
—  8ne  t  ),  we  obtain  the  following  coupled  mode  equations 
for  the  lower  hybrid  sidebands: 

(co2  -co2R  +  ivecoRco\jnen, )  <t>  ± 

=  4 ire(<oR  +  <v,)cu2hk  t  -(y0,  -  \0t.(ns  t  /k  Wp,,  (7) 

where  colh  is  the  lower  hybrid  resonance  frequency  defined 
by  cop,/(  1  +  co^/nl)1'2-,  (oR  =w,h(l  f  m,k20/mek2)'12  is 
the  dispersion  relation  for  lower  hybrid  waves.  The  coupling 
term,  arranged  on  the  right-hand  side  of  (7),  shows  that  the 
driving  sources  for  the  lower  hybrid  sidebands  are  the  beat¬ 
ing  currents  produced  by  the  interaction  of  the  density  per¬ 
turbation  rts  (i.e.,  the  purely  growing  mode)  with  the  pump 
driven  velocities  Vq,  , . 

The  nonlinear  effects  responsible  for  the  excitation  of 
the  purely  growing  mode  include  the  thermal  focusing  force, 
the  ponderomotive  force,  and  the  beating  current  driven  by 
the  whistler  pump  field  on  the  density  perturbations  of  the 
lower  hybrid  sidebands.  Their  relative  importance,  as  dis¬ 
cussed  in  Secs.  IV  and  V,  depends  upon  the  scale  lengths  of 
the  instability.  All  the  nonlinear  effects  on  electron  and  ion 
dynamics  are  included  in  the  derivation  of  the  coupled  mode 
equation  for  the  purely  growing  mode.  This  coupling  equa¬ 


tion  can  be  derived  from  the  following  equations: 
y\ns/n0)  +  ik  (Sv„  +  )  =  0,  (8) 

/F,  =  -  *(<57;  +  Tfn,/n0)  -  eE,  -  m,n,6ye  Xz 

-  m,v,(<5v,  -<5v,|,  (9) 

6Tt=2(Hf+  3v,  6T,  —  iT,  k8v,x  )/3  y, ,  (10) 

y\n,/n0)  +  ik  (Sv,x  +  <5u"')  =  0,  (11) 

ym,8y,  +  if, 

=  -  *(57”,  +  T,  n,/n0)  +  eE,  +  m,/2,<5v,  X* 

+  m,v,(<5v,  -<5v,|,  (12) 

ST,  =  2(H,  +  3 v,6T,  -  iT,  kSvJ/ly,.  (13) 


Equations  (8H 10)  [( 1 1 )— ( 13)]  come  from  the  linearized  elec¬ 
tron  (ion)  continuity  equation,  the  electron  (ion)  momentum 
transfer  equation,  and  the  electron  (ion)  energy  transfer 
equation,  respectively.  The  electron  inertia  term  is  neglected 
in  (9),  but  the  ion  inertia  term  is  retained  in  (12).  Here  bve  i, 
ST,,  and  E,  (  =  xE,)  are  the  velocity,  temperature,  and  the 
electrostatic  field  perturbations  caused  by  the  purely  grow¬ 
ing  mode.  &££  =  (<5«*  _  v +  Sn,, ,  )/n0  are  the  in¬ 

duced  velocity  perturbations  due  to  the  beating  of  the  den¬ 
sity  perturbation  of  the  lower  hybrid  sidebands  and  the 
velocity  responses  of  electrons  and  ions  in  the  whistler  pump 
field.  Here  F,.,  =  -  imt  i  [  +  v*  -Vy^,  +  v£., 

•Vv,, ,  +  ,,  ±(nr,/B„)(y*,  Xb0  +  y,, ,  Xb*)] 

are  the  ponderomotive  forces,  where  b0  =  -  i(k(j:/(o,t)  E0  is 


the  whistler  wave  magnetic  field.  //,,  =  2 /n,,v,,  (Vo,*v*,  - 
4-  yoe.,'yt.<  +  )  result  from  the  differential  ohmic  heating  of 
the  whistler  pump  wave  and  the  excited  sidebands  and  give 
rise  to  the  thermal  focusing  forces,  —  V  (n„<57; , ).  In  ( 10)  and 
(13).  r,.,  =  r  +  2v,  +  v,„  k  2v2e,/nl,  where  v„,  =  (T,J 
mei\'12  are  the  electron  and  ion  thermal  velocities;  v„  is  the 
ion-ion  collision  frequency. 

We  now  proceed  to  derive  the  coupled  mode  equation 
for  the  purely  growing  mode  from  Eqs.  (8)— ( 1 3).  Subtracting 
(1 1)  from  (8)  yields 

8vix~6vex=8vt-8vt.  (14) 

The  x  component  of  the  resultant  vector  equation  from  the 
sum  of  (9)  and  (12)  is 

ym,Sv,x  +  i(Frx  +  F,X)  =  -  ik  ( 8Tf  +  ST,  +  m,c2n,/n0) 

+  m,n,(SuXy-Svey\,  (15) 

where  c,  =  [(7;  4-  T,)/m,  ] 1/2  is  the  ion  acoustic  velocity. 
From  ( 14)  and  they  component  of  (9),  the  expression  for  (Sv,y 
—  8vey )  in  terms  of  Sv,x  is  obtained.  Then,  substituting  it  into 
(15)  leads  to 

Sv,x  =  -i(v,/m,)\F,x  +  F,x  +  k(5T,  +  ST,  +  m,c2ns/n0) 
-  (n,./v„)[Fev  +  im,il,(8ufx  -  <50  ]  1/ 

(fien,  +  v,y\.  (16) 

Eliminating  S T,,  from  ( 1 6)  with  the  aid  of  ( 1 0)  and  (13)  yields 
PSv,x  =  -  iv,  | kc2ns/n0  +  (Fex  +  Flx  -  {l,F,y/v,)/m, 

4-  \2k  /5m,)[He/y,  +  H,/y, 

4-  2v,(He  +  H,)/y,y,](\  -  4vf /yey,) 

—  /[(/2,/2,/v,)  +  (lk2T,/‘imiy,) 

X ( 1  +  2,/y,)/(l  -  4v?/y,y,)](8u«  -  &£)),  (17) 

where  P  =  f2ef2,  4-  vty  +  (2k  2ve/3m,)[  T,/y,  4-  7',/y, 
+  2m,vfc2/y,j'  ]/(l  -  4 v^/Y'Y,). 

Combining  (1 1)  and  (17)  by  eliminating  Sv,x,  we  obtain 
the  coupled  mode  equation  for  the  purely  growing  mode 

(yP  +  vrk2c])(ns/n0)  =  -  (kv,/m,)(F,x  4-  Flx  -  I2eFty/vt) 
-  (2k  2v,/3 m,)[He/Y'  +  H,/y, 

+  2v,(Hr+H,)/yey,]/ 

(1  —  4  v2/yty,)  +  /( (kV'/m,) 

X  [m,/2  2/v,  +  (2k  2T'/lye) 

X  ( 1+  2  v,  /y, )/( 1  -  4 v\/y,  y, )  ] 
X(Svt  —  SV'[ )  -  kPSv"l  | .  (18) 

The  right-hand  side  of  ( 1 8)  contains  the  coupling  terms  that 
have  been  grouped  specifically  into  three  terms  correspond¬ 
ing.  respectively,  to  the  contribution  of  the  three  nonlinear 
effects,  namely,  the  ponderomotive  force,  the  thermal  focus¬ 
ing  force,  and  the  beating  current. 

Equations  (7)  and  (18)  form  the  set  of  coupled  mode 
equations  that  describe  the  coupling  of  lower  hybrid  side¬ 
bands  and  the  purely  growing  mode  through  the  whistler 
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pump  wave.  We  are  going  to  show  that  these  coupled  modes 
can  become  unstable  when  the  pump  field  exceeds  a  thresh¬ 
old- 

ill.  DISPERSION  RELATION 

With  the  aid  of  (2)— (6),  the  phasor  amplitudes  of 
F,  IX ,  F.y ,  and  HtJ  are  expressed  in  terms  of  <f>  ±  as  follows: 

6v?u  =  i[{e/mc,)2/0K2  ]  |  [k  2/fl  2.2  ±  k20/{co20  +  vJ)]X 

-  i(ve/co0)[k2/02e  ±k20/(<o20  +  vl)]B  J,  (19) 

where  A=e0ij>*_  -e^i+,  B  =  e04>*_  +e$ifr+, 
O ,  =  Ot ,  02  =  coQ,  and  the  quantities  with  a  tilde  represent 
the  phasors  of  the  associated  perturbations. 

K*  =  +  O,,k20/co0 

xK  +  vj)]£-  i(vr/w0) 

X  [A:  2/0]  -  Ot,k20/co0{to20  +  v2')]*  j.  (20) 

F„  =  im,(e/m,)2\[vt/o>0)[2k2(i>l/n*  +  kl/[co20  +  v^]JJ 

+  i[k2/n2,-k2/(6>l+s,\]Ai  (21) 

H.,  =  -  i(e/mtJ)2(2kv,mt/n\2)[B  ±  i(vt/Ot)A  ].  (22) 

From  (7),  we  obtain  the  following  two  expressions  for  A  and 
B,  respectively: 

A  =  2(vt/co„)[((o2K(o2h/n<n,)  +  {a)2„  —  <Oo)]  h 
X{klc2-u k  Jlfol^nynol/^tDo  -  «« )2 
+  V2ta>2R(ol/n]n2,)  (23) 

B  =  -  2  i{a>l  -  co2„  +  V2.  cofh/n,n,) 

X  lc2  -  col )/co0 co2, k  ]  |e0|2 

x  (n,/n0)/ [(a»o  -  "r  I2  +  ^  co\  co^/O  *  O  f  ] •  (24) 


To  simplify  the  problem,  we  assume  that  O,  <co0<Or , 
v,  <Oe,  y<co0,  v,  <a0,  and  yvt  <0,0,  in  the  following  deri¬ 
vation  of  the  dispersion  relation.  Then,  it  is  seen  that  |5u“‘  | 
~{m,/m,)2 (Ot/co0}3\  <5y"i  I-  and  \H<  i  ~ifl  </c°o)  W,  \ 

<\H,\MT'~  T,  is  further  assumed,  the  parameters,  ytl  and 
Pin  (18)  may  be  approximated  as  y,  Z y,  ==  y  4-  2v,  +_v, k 2 
Xtf'/Ol  and  P~OeO,  +  lvek 2c]/\y,  where  y  =  y 
+  V'k2v2u/0\.  The  dispersion  relation  is  finally  obtained 
by  substituting  Eqs.  (19)-(24)  into  (18).  It  is 

[ YT  +  vr(k  2c2/OeOi){y  +  2y/3)](OeO,/yv*) 

=  (oi20  ~  ) f  (4v,/3 Y)h  +  (k \0\/k  W0 ), 

-  [(4vt/3 y)(k  2v2'/0,t a0)  +  [Ot/a0)]j  j 
+  tfa&/OtOi)  ( (4v,/3y)„ 

-  \{0'/co0)  +  {4vt/iy){k 2u2,/2O{a0) 

XiklO'/kV'-ol/v2.)),],  (25) 

where  v*  =  2vjme/m,)k  2{cjRcj2h/a)2p,(oQ)[{k  lc2  -  a)20)/ 
A2)(eeo/m,)V[(<aJ  -  wif  +  vl(o\  co^/O]  Oj].  We  use 
the  subscripts,  H,  F,  and  J,  to  indicate  that  the  correspond¬ 
ing  terms  are  contributed  from  the  thermal  focusing  force, 
the  ponderomotive  force,  and  the  nonlinear  beating  current, 
respectively. 

In  process  of  obtaining  (25),  it  is  found  that  while  the 
ponderomotive  force  is  additive  to  the  thermal  focusing 
force,  the  ponderomotive  force  and  the  nonlinear  beating 
current  effect  are  partially  counterbalanced  by  each  other. 
The  relative  importance  of  these  nonlinear  effects  to  be  seen 
later  depends  upon  the  scale  length  of  the  excited  field- 
aligned  modes.  The  dispersion  relation  [Eq.  (25)]  is  a  qua¬ 
dratic  equation  of  y  and  can  be  written  as 


(26) 


Setting  y  =  0  in  the  dispersion  relation  leads  to  the 
threshold  field  intensities  as 

4  =  ](m,/e)2( k  2v*,0,/coRcol j, ) 

[{cj20  -oj2r)2  +  vtcoKOjth/OlOU 
[(«£  -  0)2R[h  -  ;,)  +  (v2,  0)lh/O'OJh  +  j2)] 

(27) 

wherein  the  relation  (A„c2  -  &j„)~cj0  co^/O,  from  (1)  has 
been  used;  A  and  j  (j,  and  j2)  represent  the  contributions  of 
nonlinear  effects  produced  by  the  thermal  focusing  force, 
and  the  beating  current,  respectively.  They  are  A  =  1, 
/,  =  7  k  2v2f/40'<dR,  and j2  —  k  2u2,ajR/20tv2e  ij,  where 


m, 

k  2 

21) 

m. 

k  2 

col.) 

I - 

The  beating  current  terms  are  the  net  results  after  having 
been  partially  balanced  by  the  contribution  of  the  pondero¬ 
motive  force  effect.  The  residual  ponderomotive  force  effect 
is  found  to  be  negligibly  small. 

Since  the  right-hand  side  of  (27)  has  to  be  positive,  a 
criterion  for  the  instability  is  drawn  from  its  denominator  as 
col  ^ co\  -  (v2,  <o,2h /0,0,  )(A  /a)  (28) 

for  k2v2,'/Of<0R$4n,  where  a  —  \  —  Ik  2v2u/AOt(oR 
(  =  A  -  /',),  A  =  1  +  k  2v2,tcoR/20yt  v  (  =  A  -I-  j2^:j2 1,  and 
w2  >  v2,  has  been  assumed.  The  instability  zone  defined  by  (28) 
shows  a  scale-length  dependence.  Here  efh  has  a  minimum, 
which  occurs  at 


coh^coj,  +  (vl  oj2h/OeO,} 

X  1  —  A  +  [A2  +  (ci>2K/v2e)a2)'l2\/a 


(29) 
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The  minimum  threshold  field  is  thus  obtained  by  substi¬ 
tuting  (29)  into  (27),  the  result  is 

«T  =  (3v,/2  nt)ul(mje)kvl 

X  j  [a2  +  (vcb  /«*)-'] 1,3  -  (v..6/wR)tl/2/|a|.  (30) 

The  growth  rate  obtained  by  solving  (26)  is  given  by 

r~|6/13)vV(A-M,/-«^)[|£o/£r)3  -  1]. 

for(£(/£^,):<10.  (31) 

~v'2  v,(*  hi/fi 2  )(£,/£  7),  for  ( Et/E[”')2>  10. 

(32) 

It  is  of  interest  to  determine  the  wavelength  regime 
wherein  the  thermal  focusing  or  beating  current  is  the  domi¬ 
nant  nonlinear  effect.  This  can  be  done  by  examining  the 
denominator  of  (27)  with  the  aid  of  (29).  It  is  found  that  the 
thermal  focusing  effect  becomes  dominant  when  k  2c2. / 
fiemK  <1  and  3c 2  <(/2  j/a^jj/n./mj/co  (i.e.,  r]  <0andh<0). 
In  this  regime  (30)  reduces  to  ejj"~(  fi/2)  [k  2v„/fle)  [me/e) 
X[1  4-  (1  +  4/2 lvlT]2/k*v*e)'n\  U2/\t]\ 1,2  which  decreases 
as  the  wavelength  increases.  However,  the  effect  of  nonlinear 
beating  current  overrides  the  thermal  focusing  effect  as 
k 2  >(/2  l/(x>2pi.){m,/mr)k  l  mdk  2u2,//2,v,>l.  In  this  regime 
the  minimum  threshold  field  becomes  eJ”'~(3/2),/2 
X(  me/e)  vevle  \rj\'n,  that  is  independent  of  both  the  wave¬ 
length  and  the  magnetic  field. 

IV.  APPLICATIONS 

A.  Space  plasmas 

The  plasma  in  the  upper  atmosphere  is  weakly  magne¬ 
tized,  namely,  co2^  >fl]  and,  therefore,  <ulh  ~(/2,/2,)1/J.  In 
this  case  study,  we  use  the  following  topside  ionospheric  pa¬ 
rameters:  «p,/27r  =  2.83  MHz,  fle/2ir=\.\  MHz,  v,e 
=  1.3  X  105  m/sec,  me/m,  (O  *)  =  3.4 X  10“ 5  and  vt  =  126 
Hz,  where  the  value  of  v,  is  computed  from  the  formula  a> ^ 
X(2/ir\,/2  In  (167rn„/i  „)/247r0/i  p,  where  and  Ac  are 
the  plasma  density  and  the  electron  Debye  length,  respec¬ 
tively.  According  to  (28)  and  (29),  the  pump  wave  frequency 
(&>,/2 it)  has  to  exceed  5.6  kHz  for  exciting  the  present  decay 
process.  When  (<u</2jr)  is  greater  than  17  kHz,  the  thermal 
focusing  force  is  the  dominant  nonlinear  effect  since  rj  <0  in 
this  case.  For  instance,  let  (ojlit  =  18  kHz,  modes  with 
scale  lengths  arround  14  m  can  be  generated.  The  threshold 
field  intensity  is  about  0.23  (mV/m),  that  can  be  easily 
achieved  at  the  altitude  of  600  km  with  the  available  VLF 
transmitters  at,  for  example,  Siple.  The  growth  rate,  calcu¬ 
lated  from  (32),  is  y~ 0.056  e0  (sec” '),  where  e0  is  measured 
in  (mV/m).  On  the  other  hand,  the  nonlinear  beating  current 
nonlinearity  dominates  if  the  pump  wave  frequency  is  set  at, 
for  example,  6  kHz.  Then,  modes  with  scale  lengths  around 
3.2  m  can  be  excited  at  the  threshold  field  ~0. 122  (mV/m) 
and  with  the  growth  rate  —  2e0  (sec  '). 

B.  Laboratory  plasmas 

The  following  Alcator  C  parameters  are  adopted  in  our 
study  of  the  oscillating  two-stream  instability  of  whistler 


pumps  in  laboratory  plasmas:  Cl,/2ir  =  280  GHz  (i.e., 
Bq=  l.Oxltf  G),  =  200  GHz  (i.e.,  /ju=5xl020 

m  ’),  m,/m,|D  + )  =  2.72  X  10~4,  Te  =  1  keV  (i.e.,  v„ 
=  1.3xl07  m/sec),  <ulh  —0.8^,  —2.64  GHz,  and  vr 
=  7.7  x  10s  Hz.  It  is  found  from  (28)  and  (29)  that  if  the 
nonlinear  beating  current  or  the  thermal  focusing  force  is  the 
dominant  nonlinearity  for  the  instability  depends  upon  if 
zz»0  <  —  3.3  GHz  or  <u0>wlh  [1  +  |7m,t£«£,/4m, 

X  c2fl 2 )  ] 1 12  —  5.6  GHz.  The  latter  case  is,  however,  not  con¬ 
sidered  here  since  the  required  threshold  field  is  found  to  be 
extremely  high.  Therefore,  we  choose  co(/2ir  =  3  GHz.  The 
factor,/  =  (kg/k  )2  (m,/me),  that  is  computed  from  the  fre¬ 
quency  matching  relation  <u„  =  a)R  =  &>lh  (1  +  /)l/2  has  the 
value  of  0.29.  The  scale  length  determined  from  A  =  (2 n/ka) 
X(0.29  me/m,)'n  is  1.29xl0“4m. 

In  this  case,  since  [k  2u2,//2,v, )  —  2.8  X  10s  and  \k  lm, 
Xf22e/k2mra)2f„)~  1.6xlO”J,  the  beating  current  rather 
than  the  thermal  focusing  force  certainly  provides  the  domi¬ 
nant  nonlinearity  for  the  instability.  The  minimum  thresh¬ 
old  field  is  then 

W~fS7l\m'/e)v,v,'\V\'n~\l\  (V/m).  (33) 

The  corresponding  growth  rates  are  found  to  be 
Y  =  2^//22)(£o/£«r)~5.77x  106  (sec' ').  (34) 

The  eu  in  (34)  is  taken  to  be  3  (kV/m)  (i.e.,  0. 1  esu/cm).  The 
growth  time  of  the  instabilities  defined  by  y~ 1  is  0. 1 73  fisec. 
Since  these  short-scale  instabilities  have  large  growth  rates, 
they  have  the  potential  application  to  the  rf  heating  of  labo¬ 
ratory  plasmas. 

In  this  wavelength  regime,  the  magnetic  field  has  no 
effect  on  the  threshold  fields.  This  is  because  the  scale 
lengths  of  these  instabilities  are  much  less  than  the  ion  gyro- 
radius  (-2.7X  ICT  2  m).  Therefore,  the  cross-field  diffusion 
damping  on  the  instabilities  is  not  important  as  compared  to 
the  collisional  damping.  However,  on  the  other  hand,  the 
excitation  of  the  field-aligned  modes  relies  on  the  cross-field 
mobility.  The  magnetic  field  reduces  the  cross-field  mobil¬ 
ity,  whereas  the  collisions  facilitate  it.  This  may  explain  the 
dependence  of  the  growth  rates  on  collisions  and  the  magnet¬ 
ic  field  as  shown  in  (34). 

The  threshold  for  these  instabilities  is  less  by  a  large 
factor  of  3[co0/vr)U2  than  that  for  the  excitation  of  lower 
hybrid  waves  and  quasi-ion  modes.8  This  fact  indicates  that 
purely  growing  modes  can  be  produced  much  more  easily 
than  quasi-ion  modes  in  laboratory  plasmas  by  whistler 
pump  waves. 

V.  CONCLUSION 

A  whistler  pump  wave  may  excite  two  lower  hybrid 
sidebands  and  a  magnetically  field-aligned  purely  growing 
mode  via  the  oscillating  two-stream  instability.  This  process 
is  controlled  by  different  nonlinear  effects  in  the  different 
scale-length  regimes  of  the  instability.  The  thermal  focusing 
force  provides  the  dominant  nonlinearity  for  the  instability 
with  scale  lengths  greater  than  2 irv,e/{f2rcoR)'n  and 
2n\mr/ml\'n  c/(f2ea)K  ),/2.  This  thermal  instability  of  whis¬ 
tler  waves  is  expected  to  occur  in  ionospheric  plasmas  in  the 
wave  injection  experiments  performed  at,  for  instance,  Siple 
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In  contrast,  the  nonoscillatory  beating  current  overrides  the 
thermal  focusing  force  in  producing  the  short-wavelength- 
scaie  instability,  namely,  A  <  2irv,J\flevr]vl  and  2ir\mr/ 
m  )'  :  c/(fi,.o>K  I1'.  This  short-wavelength-scale  instability 
can  be  excited  in  the  fusion  plasma  devices  (for  example,  the 
Alcator  Cl,  and  may  become  a  potential  candidate  for  rf 
heating  of  fusion  plasmas.  In  either  case,  the  ponderomotive 
force  does  not  contribute  a  significant  effect  to  the  nonlinear¬ 
ity  for  this  instability. 
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A  purely  growing  instability  characterized  by  a  four-wave  interaction  has  been 
analysed  in  a  uniform,  magnetized  plasma.  Up-shifted  and  down  shifted  upper- 
hybrid  waves  and  a  non-oscillatory  mode  can  be  excited  by  a  pump  wave  of 
ordinary  rather  than  extraordinary  polarization  in  the  case  of  ionospheric 
heating.  The  differential  Ohmic  heating  force  dominates  over  the  ponderomotive 
force  as  the  wave-wave  coupling  mechanism.  The  beating  current  at  zero 
frequency  produces  a  significant  stabilizing  effect  on  the  excitation  of  short-scale 
modes  by  counterbalancing  the  destabilizing  effect  of  the  differential  Ohmic 
heating.  The  effect  of  ionospheric  inhomogeneity  is  estimated ,  showing  a  tendency 
to  raise  the  thresholds  of  the  instability.  When  applied  to  ionospheric  heating 
experiments,  the  present  theory  can  explain  the  excitation  of  field-aligned 
plasma  lines  and  ionospheric  irregularities  with  a  continuous  spectrum  ranging 
from  metre-scale  to  hundreds  of  metre-scale.  Further,  the  proposed  mechanism 
may  become  a  competitive  process  to  the  parametric  decay  instability  and  be 
responsible  for  the  overshoot  phenomena  of  the  plasma  line  enhancement  at 
Arecibo. 


1.  Introduction 

In  many  cases  of  parametric  instabilities  excited  by  high-frequency  electro¬ 
magnetic  waves  in  ionospheric  heating  experiments,  the  dominant  nonlinear 
effect  in  the  wave-wave  interaction  is  produced  by  the  differential  Ohmic 
heating  force  rather  than  by  the  ponderomotive  force  (e  g.  Fejer  1979;  Gurevich 
1978;  Perkins,  Oberman  &  Valeo  1974).  The  thermal  effect  generated  by  the 
electric  field  of  the  wave  in  eollisional  plasmas  may  drastically  reduce  the 
thresholds  of  the  instabilities  under  favourable  conditions. 

The  parametric  wave  process  discussed  in  this  paper  is  a  thermal  plasma 
instability  triggered  by  electromagnetic  waves.  Since  it  involves  a  purely  growing 
mode,  a  four-wave  interaction  process  is  analysed,  including  a  pump  wave, 
wave-vector  up-shifted  and  down-shifted  upper-hybrid  waves,  and  a  non 
oscillatory  mode.  Thedifferential  Ohmic  heating  force  is  seen  to  dominate  overthe 
{Kindoromotivc  force  ns  the  primary  mechanism  for  wave  coupling.  Tn  addition. 
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the  beating  current  at  zero  frequency  is  included  as  a  nonlinear  effect.  This  non- 
oscillatory  beating  current  tends  to  weaken  the  effect  of  the  differential  Ohmic 
heating,  i.e.  to  impede  the  excitation  of  the  instability.  The  stabilizing  effect  of 
the  non-oscillatory  beating  current  is  especially  prominent  in  the  generation  of 
short-scale  modes. 

To  begin  with  the  analysis  of  a  four- wave  interaction  in  §  2,  a  uniform  medium 
theory  is  developed.  The  relevance  of  all  the  possible  nonlinear  effects  in  the 
wave-plasma  interaction  of  interest  is  evaluated  in  §3.  The  criteria  of  the 
instability  are  investigated  in  §4  primarily  for  pump  waves  of  ordinary  and 
extraordinary  polarization  in  the  ionosphere.  With  the  intention  of  applying  the 
present  theory  to  ionospheric  heating  experiments,  we  estimate  in  §5  the 
influence  of  ionospheric  inhomogeneity  on  the  instability  and  compare  the 
theory  with  some  experimental  results. 

2.  A  four-wave  interaction 

The  four-wave  interaction  un&r  consideration  is  a  parametric  instability 
excited  by  a  high-frequency  electromagnetic  wave  in  a  collisional,  magnetized 
plasma  (e.g.  the  ionosphere).  Wave-vector  up-shifted  and  down-shifted  upj>cr- 
hybrid  modes  and  a  purely  growing  mode  are  generated.  The  four-wave  inter¬ 
action  may  be  represented  by  two  sets  of  three-wave  coupling  as  follows: 

«„  =  oj;  +  w0,  k„  =  k,-  +  k0, 
a>0  =  k0  =  k,+k,„ 

where  the  subscripts  0,  u,  d,  and  i  represent  the  pump  wave,  the  up-shifted  high- 
frequency  mode,  the  down-shifted  high-frequency  mode,  and  the  purely  growing 
mode. 

To  simplify  the  problem,  we  assume  that  A*„  =  0  (thus,  k„  =  k,  -  —  k(/)  for  a 
dipole  pump  field  and  w,  =  0  (thus,  w,  =  w0  =  oj,,)  for  the  non-oscillatory  growing 
mode.  This  condition  is  achievable  in  the  ionosphere,  when  an  HI*’  radio  wave 
transmitted  vertically  from  the  ground  reaches  its  reflexion  height.  A  Cartesian 
system  of  co-ordinates  is  chosen  with  its  z  axis  along  the  do.  magnetic  field.  Its 
x  axis  coincides  with  the  wave  vectors  of  the  excited  field-aligned  modes  (i.e. 
k;  =  ku  =  —  krf  =  —  kx).  The  purely  growing  mode  is  field  aligned,  because  the 
concomitantly  excited  upper-hybrid  modes  are  field-aligned  in  nature. 

The  coupled  mode  equation,  which  describes  the  process  of  exciting  field 
aligned  high-frequency  modes  by  scattering  the  pump  wave  off  the  low- 
frequency  electrostatic  density  perturbations,  can  be  derived  from  the  electron 
continuity  equation,  the  electron  momentum  equation,  and  the  Poisson's 
equation: 

^h,  + V.nfV,  -  o.  (1) 

w(t-  +  V  vW  _  _ rE  -  - V,  r,m(V,  V,).  (2) 

V .  F,  -  -  4 77i  ii  .  (3) 
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where  Vpe  =  3T0Vne  and  V,.  =  0  is  set  for  high-frequency  modes;  c,  m,  ne,  T0,  i>e, 
Ve,  Vj,  E  and  B0  are  electric  charge,  electron  mass,  electron  density,  unperturbed 
electron  temperature,  electron-ion  collision  frequency,  electron  velocity,  ion 
velocity,  electric  field,  and  the  d.e.  magnetic  field  strength,  respectively.  As 
shown  in  Appendix  A,  if  the  excited  field-aligned  high-frequency  waves  are 
electrostatic  modes  (i.e.  the  upper-hybrid  waves),  the  coupled-mode  equation 
in  a  uniform  medium  is  given  by 


(f,  +  ■••)  ®'+q4v;  *> 

|4' 


where  n0  is  the  unperturbed  plasma  density,  which  is  assumed  to  be  constant ; 
Snr  is  the  electron  density  perturbation  due  to  the  excited  zero-frequency 
mode;  Lle  -  eB0/mc  is  the  electron  gyrofrequency;  <i>p  -  (\ne:!n0/m)l  is  the 
electron  plasma  frequency;  vt  =  (3TJm)l  is  the  electron  thermal  velocity; 
Ep  =  E„  exp  (  -  tw0 1)  is  the  dipole  pump  field;  =  d2/cx2  +  c2/dy2\  and  d>,  is  the 
electrostatic  potential  of  the  upper-hybrid  waves.  The  couplingtermson  the  right- 
hand  side  of  (4),  appearing  as  the  driving  source  of  the  field -aligned  high-frequency 
side-bands,  originate  in  the  nonlinear  beating  current.  This  current  at  the  pump 
frequency  is  produced  by  the  beating  of  the  oscillating  electron  velocity  in  the 
pump  field  (Ep)  with  the  non-oscillating  density  perturbations  {tin,).  If  wave-like 
perturbations  of  the  8p  =  5pexp[r(k.r  — wt)]  type  are  assumed,  the  up-shifted 
and  down-shifted  modes  and  the  zero  frequency  mode  can  be  designated  respec¬ 
tively  by  £/5uexp[  —  i{kx  +  oA)],  $pdexp[i(kx  -  u>t)},  and  Sp,  exp  (yt  -  ilex),  where 
o)  =  (o0  +  iy  and  a  positive  y  represents  the  growth  rate  of  the  instability. 

Substituting 

E()  =  E()  exp  (  —  i<i)0t),  8nr  =  £«„exp  (yt  —  ilex). 

(pj  =  <i>,exp[i(Er  —  wf)J.  and  <P2  =  $2exp|  -i(I\r  +  M<)] 


into  (4)  leads  to 


=  nr  [K  +  *»V)  K„v\~  IH>  +  UV,+  KrJ'’.  (r»«) 

K  fin 


<P2  =  -y  [  («„  f  ir,.)  Epr  -  i  12,  K„J~  l(">5+  f  ioor]  (ob) 


where  tin*  is  the  complex  conjugate  of  fin ;  Epx  and  Evlj  ar<' t  her  and  y  components 
of  E,,;  I'  =  (o\  +  12*  +  r2  —  «*.  where  oi2  ■- to],  +  k2v2t .  The  subscripts  1  and  2  art' 
used  to  represent  the  down  shifted  and  up-shifted  side  hands  respect ivcly.  All 
the  tildes  over  the  amplitudes  of  the  perturbed  quantities  and  the  pump  field 
have  been  omitted  without  causing  any  confusion.  In  obtaining  (bo)  and  (."»/»>. 
y  have  been  assumed  and  can  he  justified. 

To  derive  the  dispersion  relation,  one  more  equation  relat  ing  8n,  to  <!>,  and  ip , 
is  needed.  Both  electron  and  ion  kinetics  have  to  he  consider)  I  for  the  pun  k 
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growing  mode  (8nt).  In  addition  to  (1)  and  (2),  the  following  four  equations  are 
also  employed  to  derive  the  coupled  mode  equation  for  the  n  n-oscillatory  mode: 


dnJdt  +  V  .w,V  ,•  =  0, 

(«) 

M 

(l+v.-v)  v,. 

=  -XP>+eE  +  — 'V,.xz  +  v 

mne 

, - (V,  -  V, )-vinM\c, 

(7) 

v't  ! 

ni  c 

n i  ‘ 

t) 

et 

Te  +  $T0V.\e- 

(Te  -  T0)  + 

(8) 

8nt  ~  8nt  -  8n, 

(‘J) 

where  Vp,.  =  T0Vn(;  M  and  v!n  are  ion  mass  and  ion-neutral  collision  frequency; 
ifj  =  3n0T0/2mve  and  =  (ve/Cle)t 3n0T0/2mv, ,  where  T0  is  the  electron  or  ion 
temperature  in  thermal  equilibrium;  the  angle  brackets  used  in  (8)  indicate  the 
time  average  over  a  time-scale  of  order  of  a  few  high-frequency  periods.  The 
electron  energy  equation  is  included,  because  differential  Ohmic  heating  in 
electron  gas  contributes  to  the  nonlinearity  in  generating  the  field-aligned  purely 
growing  modes.  The  derivation  of  this  coupled  mode  equation  is  briefly  described 
in  the  next  section  with  a  discussion  of  the  various  nonlinear  effects  which  may 
be  involved  in  the  wave  coupling  of  the  proposed  instability. 


3.  Nonlinear  effects 

3.1.  Beating  current  at  zero  frequency 
The  linearized  electron  continuity  equation  can  be  written  as 

y8ne  —  Hcn0$Vex  —  ik'/  =  Q,  (10) 

where  J  —  8n*xVpx  +  8neZV*x  represents  the  beating  current  at  zero  frequency. 
This  non-oscillatory  beating  current  is  driven  by  the  pump  field  in  the  oscillating 
electron  density  perturbations  of  the  excited  high-frequency  waves.  In  the 
appendix  of  Fejer  (1979),  a  warning  is  addressed  concerning  the  use  of  the  low- 
frequency  beating  current  term.  This  problem  is  examined  in  Appendix  B.  where 
we  show  that  the  paradox  discussed  in  Fejer  (1979)  can  be  removed  in  our  case. 


3.2.  Nonlinear  Lorentz  force  and  differential  Ohmic  heating  force 
Using  the  quasi  neutrality  condition  to  combine  the  linearized  electron  and  ion 
continuity  equations,  one  obtains 

Srix-8r,.x^  (8n*vllx  +  8n,,r*.r)>' 0‘  <H> 


The  x  component  of  the  combined  linearized  electron  and  ion  momentum 
equations  leads  to 


8v,r  =  ik 


,  •  .  .  m  „8nr 

*lf  "0 


8Tr 

M 


!■ 


(8> 


8c  it*  ’i 


12  i 
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where  vin  =  r1K  +  y,  c“  =  (Tt,  + 1\)/ M  =  2710/.V,  and  <51^  5>  SV„ Tmf  3/has  been 
assumed.  Tlie  y  component  of  the  electron  momentum  equation  gives 


12  ik 

S viu  -  8 reu  =  -  8vei  jf  -  (vp,  vf„  +  v*x  v2l/ )  - , 

where  pr  =  ve  +  y. 

Eliminating  8vix  and  {Sviy  —  Scry)  from  (It)  and  (12)  yields 


(13) 


W..  =  ik 


where 


tF+c) 


■?  =  (VrW  +  V**Vix)  m/-V  -  (VpXV*V  +  VpzV 2„) 


representing  the  nonlinear  Lorentz  force  term,  which  is  derived  from  the  con¬ 
vective  term  of  the  electron  momentum  equation  and  is  reduced  to  the  pondero- 
motive  force  in  the  case  of  an  unmagnetized  plasma. 

The  perturbation  of  electron  temperature  (8Te)  in  (14)  can  be  obtained  from 
the  electron  energy  equation.  It  is 


8Te  =  +  +  +  (15) 

where  .W  =  2e(.»i(vp.vj,'  +  vJ.v2)  is  the  differential  Ohmic  heating  term  arising 
from  the  electron  energy  dissipation  in  the  high-frequency  wave  field. 

Substituting  (15)  into  (14)  and,  then,  eliminating  8t\.x  from  (10)  and  (14) 
yields  the  following  result: 

da  =  A{RF  +  CJT+DS},  (10) 

where 

A  =  {[ypfO</Pe  +  A^][y  +  2^m/Jf  +  i4*^vr  +  iyi^]}-«, 

B  =  +  +  $**/*  ivl, 

C=U-k*nn/M), 

D  =  ik  {(12f  ilj Pc)  [y  +  2ve  mj M  +  ve]  +  ££2c2}, 

where  re  anfl  rs  are  the  electron  gyroradius  and  the  ion-acoustic  velocity,  respec¬ 
tively.  V,.' s  have  been  replaced  by  ve’s  in  (16)  since  i’e  >  y  is  assumed. 


3.3.  The.  significance  of  mnlinearities 

Equation  (10)  has  been  written  in  a  form  which  expresses  the  contribution  from 
different  nonlinear  effects  to  the  excitation  of  zero-frequency  plasma  density 
perturbations.  We  now  evaluate  the  significance  of  these  nonlinear  effects. 

The  perturbations  of  electron  velocity  and  density  (v,.  v2.  8nn.  8n(i)  caused  by 
the  excited  high-frequency  modes  and  the  electron  velocity  (v;l)  responding  to 
the  pump  field  can  be  obtained  from  (2)  and  (3).  They  are 

<?«*i  =  -  (k2/4ne.)<t>^,  8nf2  =  -  (k2/4ne.)  c|>2, 

vf  =  -  (e/m)  [«>J(n>l  -  12?)]  k(  I  +  k2/k)}]  [  1  +  2ito0  vj (c,2  -  12;)1 

x  f ( I  -  ivj m„)  .r  -  / ( 12, /(>)„) ! )  1  «I»f . 

v?  -  (r/m)[<,>J(u>l  -  12?)  j  k(  1  +k2/k),)[  1  -  2iwni’,/(w2  -  12“)  | 

x  |(1  n’r, /*>>„)  j‘  i  i(12,/fi>„)  1)1  <lv 
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vp  =  -  i(<7 >n)  [w0/(wo  -  O2)  j  [1  -  2mqvJ((uI  -  Q,2)  | 

x  {[^(1  +  ivr/(oa)  Epx  -  i{Qe/oJ0)  Epu] 

+  M(1  +ivf/o>0)  Epu  +  i(Qe/(o0)  Epx]}-i{e/»i)Wo'{l  -  ii’r/<ou )  E,,.z, 

where  kn  =  A0l  =  (4ne'ln0/ T0)b  is  the  electron  Debye  wavenumber. 

Substituting  the  above  expressions  into  (16)  gives  the  other  coupled  mode 
equation  for  the  field-aligned  mode, 

fin  =  A{F  +  H  +  J),  (17) 

where 

F  =  -i(e2P/mM(ol)[y  +  2v(m/M  +$k2r*ve](El)X't>t  +  E^Qt). 

H  =  \ivf{e^/mMo>l)  {2 itljto0)  ( E„ <D,*  -  E*„  <t>2)  -  (Epx <1>*  +  E*x  1>2)}, 

J  =  KW/mMcol)  (, k*/lc D)  {[(2D, r>2)  (Epu  0>*  -  E*y  <I>2)  -  (Epx <I>f  -  E*x  «D2)] 
+  +  E*x  0>2)  +  (4 >,/w0)  (EPJ  <bf  +  E*u  <J>2)]}, 

corresponding  to  the  nonlinear  Lorentz  force,  the  differential  Ohmic  heating 
force,  and  the  non-oseillatory  beating  current,  respectively.  The  ponderomotive 
force  is  seen  to  be  less  than  the  differential  Ohmic  heating  force  by  a  factor  of 
k2r%  for  modes  w'ith  scale  lengths  less  than  nrf[2M /m)h  and  by  a  factor  of  m/M 
otherwise.  Therefore,  the  contribution  of  the  ponderomotive  force  is  negligible 
in  the  generation  of  modes  with  scale  lengths  much  larger  than  the  electron 
gyroradius  (re).  In  obtaining  (17),  (k/kD)'1  1  has  been  assumed,  i.e..  the  scale 

lengths  of  the  excited  modes  are  much  larger  than  the  electron  Debye  length,  and 
>  Df  r2  (this  is  true  in  ionospheric  heating  experiments  in  the  E  region). 
The  dispersion  relation  of  the  instability  is  finally  obtained  from  (5n).  ( •"> b ) , 
and  (17)  as 

«y  +  2 vem/M  +  vtk*TJmQ*\  [yDcD,/ce+  F c|]  +  \yk\*\ 

x  (^2+r2)(3mT//4.yW)  =  (2(1’- if) |/-,’J2  +  4(0?/^) 

+  i{EpxE*y  -  E*x  Epu)  (Q>0)  (3T  -  2c2)  -  ( Epx  E*u  +  E%  EPJ) 
x  (De c,/w0)  ( u)0  +  2T /u)0 )}j{  — 1(2 it^d/ A  )2  { 2 ( ro;;  +  T)| Epx\~ 

+  2n*\EJ*  +  i(EpxE*u  -  E*x  Epy)  (O>0)  ( V  +  2a,*) 

-  ( Epx  E*y  +  E*x  Eru)  Dc  cf}7 ,  (IS) 

W'here  A^  and  A  are  the  electron  Debye  length  and  the  scale  length  of  the  excited 
modes.  The  right-hand  side  of  (18)  is  intentionally  written  to  retain  two  terms 
labelled  by  II  and  J  corresponding,  respectively,  to  the  original  differential 
Ohmic  heating  term  and  the  non-oscillatory  beating  current  term.  It  is  clear 
from  (18)  that  the  beating  current  tends  to  counterbalance  the  Ohmic  heating 
effect. 

Physically,  this  arises  from  the  fact  that  the  zero-frequency  electrostatic  mode 
is  a  nonlinearly  driven  mode,  but  not  a  normal  mode.  The  induced  non  oscillators 
beating  current  imposes  a  stabilizing  effect  on  the  destabilizat ion  caused  In  t  he 
nonlinearity  due  to  the  differential  Ohmic  heating.  This  beating  current  is 
dependent  on  the  scale  lengths  of  excited  modes.  It  is  qualitatively  'dear  fiom 
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(18)  that  shorter-scale  modes  are  more  significantly  affected  than  larger-scale 
modes.  A  quantitative  evaluation  of  this  effect  will  he  made  after  we  specify 
the  nature  of  the  pump  wave. 


4.  Conditions  of  the  instability 

4. 1 ,  Pump  leaves  of  ordinary  polarization 
Since  HF  radio  waves  of  both  ordinary  and  extraordinary  polarization  have  been 
used  as  pump  waves  in  ionospheric  heating  experiments,  let  us  first  consider  the 
oblique  incidence  of  an  O-mode  pump  wave.  By  oblique  incidence,  we  mean  that, 
near  its  reflexion  height,  the  O-mode  pump  wave  does  not  propagate  exactly 
perpendicular  to  the  d.c.  magnetic  field.  Consequently,  there  are  perpendicular 
components  of  pump  field,  which  can  be  approximately  related  as  Kvy  =  —  iEpI 
The  dispersion  relation  for  the  case'  of  obliquely  incident  O-mode  heater  waves 
can,  therefore,  be  written  as 


I (mM/v^k2)  («>l  v-c  +  I’2)  {(y  +  2vem/M  +  \e(kirj\ +  k-c;\  +  Jyi-2f2' 

~  (1  -2Qr/«8)[2r-2,?-ftjJ(2ffA„/A)SJ \Epx\\  (19) 

The  threshold  power  for  exciting  the  instability  can  be  determined  from  (19) 
by  setting  y  =  0.  It  is  given  by 

K„Hu,  -  J»7K«?+r*)[2W/*v+ii,«f](i-2Q,A"o)  1 

x[2r  — 2  »,?  —  wg(2ffA„/A  )*]->.  (2(1) 

Since  the  right-hand  side  of  (19)  or  (20)  has  to  be  positive,  it  requires  that 

r  >  if+Hj^jMfl/A)*.  (21) 

The  threshold  power  has  a  minimum  value  at 


where 


r  =  r0  =  n.  +  (rt2  +  r*w2)l, 

a  =  v*+U>l(2nA,)/A)\ 

The  minimum  threshold  power  is  given  by 

in  -  I'fK'f  +  I’D l2/«/.»7  +  UV1(1  -2i2,.K)  '{<r-  f«8«*)-*. 


(22) 

(22) 

(24) 


Note  that  the  second  term,  |w,2,(2rr/\/)//\)2,  of  the  parameter  a  defined  by  (22) 
originates  in  the  non -oscillatory  beating  current.  If  the  following  parameters  are 
adopted:  <w0/2/r  fiMHz.  ilrj'2n  —  l-2MHz,  i*r  --  lkllz.  An  0-5x10  in 
(typical  for  the  /•’  region  heating  experiments),  it  is  seen  that 


and 


l'„  ~  i’f (i)„  for  A  >  27rAyJ(w0/2i,(.)i  >  4 m 


yt'-Lx/m 


12 

I  min 


i»-?wn‘V|2w/-V  +  i*-V;)/|l  -  2(>,A.,0| 


(2  0) 


and 


I'o  ~  (2wA/;/A)*(wJ/2)  for  A  <  2n\„(«)n/2v, )? 

KVHL,.  -  (n*Alr*<4/A*)\2m/M  +  }tk*r; |/|  I  2<>. (25M 
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Figure  I.  Threshold  fields  of  the  instability  to  excite  field-aligned  modes  with  a  broad 
scale  length  ranging  from  tens  of  centimetres  to  a  few  kilometres  in  the  ionosphere. 
Curves  (A)  and  (B)  correspond  respectively  to  the  results  20(6)  and  25 (o)  obtained  with 
and  without  the  non-oscillatory  beating  current. 

Note  that  ro  =  wj  4-  k2vj  +  Q2e  +  v2-  wg.  Therefore,  the  stabilizing  effect  imposed 
by  the  non-oscillatory  beating  current  can  only  affect  the  excitation  of  modes 
with  scale  lengths  less  than  a  few  metres. 

The  excited  field-aligned  high-frequency  modes  can  be  identified  from  (2  >o) 
and  (25 b).  In  either  case,  w%  +  khj  +  £2?  +  v2  ~  wj.  This  result  shows  that  (i)  the 
field-aligned  high-frequency  waves  are  upper-hybrid  modes,  (ii)  a  purely  growing 
instability  can  be  excited  in  an  underdense  plasma,  i.e.  o>0  >  <op. 

Solving  (19)  for  y  gives  the  growth  rate  of  the  instability 

r  =  Kj-6  +  [62  +  f^(6_f^,(-M__,)]4},  (20, 

where  b  =  2m/M  +  1Jk2r*.  The  growth  time  of  the  instability  can  be  defined  as 
the  period  for  the  amplitude  of  excited  modes  to  exceed  their  thermal  level  by 
five  e-folds  of  magnitude,  namely,  Ts  =  5 y~l.  \ r|n,in  (V  m1)  and  T&  (s)  ns  a 
function  of  scale  lengths  (A)  are  plotted,  respectively,  in  figures  1  and  2  with  the 
following  parameters  used:  m/M  =  3-4  x  10~5  (i.e.  0f  is  the  only  ion  species 
considered),  vr  =  1  kHz, w0/2tt  —  6  MHz,  t>f  =  1  -ft  x  10' (in  s  1 ).  ti,./— rr  =  l-2Mllz, 
r,  =  2'4  x  l(l!m,  anil  \K,,Z\  =  Of  V  m_1.  The  striking  effect  of  the  non  oscillatory 
beating  current  is  to  raise  the  thresholds  and  increase  (decrease)  the  grow  t  h  ♦  imos 
(growth  rates)  of  the  instability  for  the  short  scale  modes  (i.e.  A  <  4'")  This 
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Figure  2.  Growth  times  of  the  instability.  Curves  (A )  and  (B)  correspond,  respectively, 
to  the  cases  with  and  without  the  non-oscillatory  beating  current  in  the  analysis  of  the 
instability. 

effect  is  so  significant  that  a  minimum  (maximum)  growth  time  (growth  rate) 
of  the  instability  is  formed  in  the  metre-scale  range  as  shown  in  figure  2. 

For  A  larger  than  approximately  10  metres,  |F()J.|m,n  has  a  constant  value  of 
1-5  (mV  m~l).  In  other  words,  the  minimum  threshold  power  for  exciting  large- 
scale  field-aligned  modes  by  the  present  instability  is  independent  of  the  scale 
lengths  of  the  excited  modes.  However,  the  growth  times  (rates)  of  larger-scale 
modes  are  generally  greater  (less)  than  those  of  shorter-scale  lengths.  The  results 
indicate  that  modes  with  large  scale  lengths  (say,  over  1  km)  cannot  be  favourably 
excited  by  the  present  instability. 

4.2.  Pump  waves  of  extraordinary  polarization 
In  the  case  of  X-mode  pump  waves,  the  corresponding  dispersion  relation  can  be 
similarly  obtained  from  (18)  with  the  substitution  of  Epv  =  iEpI.  It  is 

{fy  +  2 vem/M  +  vrk*TJm&e)  [yQf  Q t/v,  +  Wr*J  + 
x  (<j>lvj+  r2)  jjmAf /vre2lc2 

=  ( l  +  2Q>o)  [V  -  >’?  -  K  (k/kn)2 J I  >V|2-  (27) 

The  positive  right-hand  side  of  (27)  requires  that 

T  =  (of,  +  khr\  +  Q*  +  v\  -  tof  >  i>*  +  Jwg(27rAn/A  )2. 

If  an  1 1 F  X-mode  radio  wave  is  transmitted  vertically  into  the  ionosphere  from 
the  ground.  w0  =  +  J(£I?  +  4w*)i  at  its  reflexion  height  Then, 

r  Ulf  +  +  vf.  -  |il,.(li*  +  4r„=  )S 


3SN3dX3  AliS'NNaJAOa  A.V  Q33naObddb 


472  M.  C.  Lee  and  S.  P.  Kuo 

cannot  be  positive  in  the  ionosphere.  Therefore,  H  F  pump  waves  of  extraordinary 
polarization  transmitted  vertically  from  the  ground  are  not  able  to  reach  the 
upper-hybrid  resonance  zone  to  excite  the  present  instability  in  the  ionosphere. 

However,  extraordinary  modes  are  accessible  as  pump  waves  to  excite  upper- 
hybrid  waves,  if  they  are  incident  upon  the  plasmas  from  either  the  higher- 
density  side  or  the  higher  magnetic  field  side.  The  example  for  the  former  case  is 
the  incidence  of  pump  waves  from  the  topside  of  the  ionosphere.  The  latter  case  is 
achievable  in  laboratory  plasmas  (Porkolab  &  Goldman  1976).  The  distinction 
between  Porkolab  &  Goldman’s  results  and  ours  centres  on  the  different  non- 
linearities  of  the  instabilities.  The  ponderomotive  force  plays  a  major  role  in 
exciting  the  instability  in  their  case  but  only  an  insignificant  role  in  ours  as 
compared  with  the  differential  Ohmic  heating  force.  The  marked  difference  can 
be  seen  from  the  threshold  fields  cf  the  instabilities.  Ours  (equation  (20))  is 
considerably  lower  than  Porkolab  &  Goldman’s  (their  equation  (A  10)  by  setting 
y  —  0)  by  a  factor  of  \[2m/ M  +  ^fc2r?]/(l  -2fi f/w0),  which  is  much  less  than  unity 
with  the  substitution  of  relevant  parameters  for  ionospheric  heating  experiments. 


5.  Discussion 

It  is  interesting  to  note  that  the  ion-neutral  collision  term  does  not  appear  in 
the  final  expressions,  although  it  has  been  included  in  the  ion  momentum 
equation.  Ion-neutral  collisions  seem  to  have  no  direct  effect  on  the  excitation  of 
field-aligned  modes.  A  simple  physical  picture  can  be  given  as  follows.  The  force 
experienced  by  ions  is  the  non-oscillating  self-consistent  electric  field 

Esccexp(y<) 

across  the  d.c.  magnetic  field  (B0).  Two  drifts  are  caused  by  these  crossed  electric 
and  magnetic  fields,  namely,  a  polarization  drift  (Vp)  along  the  direction  of  E„ 
and  an  ExB  drift  (V;,),  where  \p  =  yE,/U(/?0  and  \D  =  E,. x  Bn/B?y  Ton- 
neutral  collisions  give  rise  to  additional  drifts  anti  parallel  to  V;)  and  \D.  The 
resultant  ion  drift  (Vw)  along  the  direction  of  E,  has,  therefore,  three  components: 
Vn  =  Vp-v^V^/y  +  Ey  x  B0/B%.  The  last  term  originates  in  i’,„,  causing  drift 
anti-parallel  to  \n.  The  apparent  electric  field  associated  with  this  drift  is  given 
byE„  =  —vin\dM /e.  The  last  two  terms  can  he  shown  to  cancel  each  other.  This 
explains  why  ion-neutral  collisions  impose  no  net  effect  on  the  excitation  of 
field -aligned  modes. 

The  purely  growing  instability  discussed  in  this  paper  is  similar  to  the  oscil¬ 
lating  two-stream  instability  in  unmagnet ized  plasmas  (e  g.  Xishikawa  196K) 
except  that  (i)  the  present  process  takes  place  in  the  underdense  region  (i.e. 
o>g  >  fi>(,),  rather  than  in  the  overdense  region  (i.e.  m(1  <  <■>,,);  (ii)  the  differential 
Ohmic  heating,  rather  than  the  ponderomotive  force,  is  the  dominant  nonlinear 
effect.  This  parametric  instability  has  been  analysed  in  a  uniform,  magnetized 
plasma  with  application  to  ionospheric  heating  experiments  We  now  i  valuatc 
the  influence  of  ionospheric  inhomogeneity  on  the  present  instability,  since 
ionospheric  inhomogeneitv  tends  to  impede  the  excitation  ot  MF  wave-induced 
perturbations  as  indicated  in  Troinso  experiments  (Stub!"  "I  V's-.M  I  lie 
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importance  of  ionospheric  inhomogeneity  has  been  pointed  out  in  the  study  of 
other  parametric  instabilities  (e.g.  YTaskov  &  Gurevich  15)77;  Grach  <t  al.  1977; 
Das  &  Fejer  1979;  Dysthe  et  al.  1983). 

'Fhe  effect  of  density  inhomogeneity  can  be  seen  from  (21),  which  determines 
the  locations  of  the  instability.  Physically,  (21)  indicates  that  the  upper-hybrid 
waves  must  be  excited  slightly  off  resonance.  The  location  for  the  instability  to 
have  the  minimum  threshold  field  is  given  by  (22).  This  height  is  only  about  10  m 
above  the  upper-hybrid  resonance  layer  (determined  by  P  =  0)  in  the  F  region, 
where  P  is  defined  as  (of  +  -f  kh’f  +  r;  —  wjj.  Let  us  assume  a  horizontally 
stratified  ionosphere  and  the  magnetic  dip  angle  to  be  a.  The  excited  field-aligned 
modes  generally  have  a  finite  wave  vector  component  km  in  the  meridian  plane, 
and  thus  a  component  km  cos  a  in  the  vertical  direction.  The  modes  excited  near 
the  upper -hybrid  resonance  layer  can,  therefore,  extend  to  the  stable  region 
(i.e.  below  the  P  =  0  layer).  Consequently,  the  nonlinear  effect  produced  in  the 
unstable  region  (i.e.  above  the  P  =  0  layer)  is  counterbalanced  partially  by  that 
produced  in  the  stable  region.  Higher  thresholds  for  the  instability  are  thus 
expected. 

The  effect  of  ionospheric  inhomogeneity  on  the  instability  concerned  can  be 
estimated  as  follows.  The  instability  zone  extends  from  the  upper-hybrid 
resonance  layer  up  to  the  cut-off  layer  of  the  ordinary  pump  wave.  This  zone  is 
about  5-6  km  wide  in  the  ionospheric  F  region.  At  heights  distant  from  the 
upper-hybrid  resonance  layer,  P  is  approximately  equal  to  Q;  rather  than 
ve<o0  or  \o>l(2nAD/ A)*  as  given  by  (2 5«)  or  (256).  The  threshold  fields  of  the 
instability,  therefore,  increase  by  a  factor  of  il(./(wwr(.)l  ~  30  for  large-scale 
modes  or  by  a  factor  of  ilf{ 2n A ,,/A)  ’  (o>0/ 2l)_1  ~  10A  for  <  4m.  Since  the 
minimum  threshold  fields  shown  in  figure  1  are  generally  quite  small,  such  field 
intensities  may  still  be  reasonably  attainable  in  ionospheric  heating  exper intents 
(cf.  the  pump  field  intensity  ~  1  V  in-1). 

We  have  shown  that  the  up|>er-hybrid  waves  can  be  excited  in  the  ionospheric 
F  region  by  ordinary  but  not  by  extraordinary  heater  waves  transmitted  vertic¬ 
ally  from  the  ground.  These  upper-hybrid  waves,  if  excited  in  the  ionosphere 
above  Boulder,  Colorado,  may  be  detected  by  the  VHK/l'HF  rudars  at  White 
Sands  Missile  Range,  New  Mexico,  and  at  Menlo  Park,  California.  These  plasma 
modes,  termed  ‘field-aligned  plasma  lines’,  are  found  to  have  narrower  sport  ml 
widths  and  stronger  intensities  than  the  plasma  lines  detected  by  the  43n  MHz 
incoherent  radar  in  the  Arecibo  experiments  (Minkoff.  Kugelman  &  Weissman 
1974;  Carpenter  1974;  Minkoff  &  Kreppel  1976).  These  striking  distinctions 
result  from  the  different  origins  of  these  plasma  lines.  The  ‘  field-aligned  plasma 
lines  (i.e.  the  upper-hybrid  waves),  excited  together  with  /(  m  frequem  y  nc «lcs, 
are  generated  directly  by  the  ordinary  heater  wave.  The  enhanced  plasma  lines 
detected  by  the  Arecibo  incoherent  radar,  on  the  other  band,  stem  tomi  the 
scattering  of  unstable  Langmuir  waves  and  the  ordinary  heater  wave  of)  the 
thermal  ion-acoustic  waves  (Kcjer  Sc  Kuo  1973;  Perkins  d  cl.  1974).  where  the 
unstable  Langmuir  waves  are  produced  by  the  ordinary  heater  waves  \  ia  para¬ 
metric  decay  instability. 

Our  proposed  mechanism  is  effective  in  exciting  not  only  lent  <  . i (•  h.il  also 
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large-scale  ionospheric  irregularities.  A  continuous  spectrum  with  scale  lengths 
ranging  from  a  few  metres  to  several  hundreds  of  metres  can  be  produced  by  this 
instability  with  threshold  fields  well  below  the  incident  pump  field.  With  the 
background  ionospheric  inhomogeneity  taken  into  account,  the  calculated  growth 
times  of  short-scale  irregularities  (a  few  seconds)  and  those  of  large-scale 
irregularities  (tens  of  seconds)  are  in  general  agreement  with  the  experiments. 
Further,  the  prediction  that  metre-scale  modes  have  maximum  growth  rates 
agrees  with  the  observation  that  the  largest  bac-kseatter  radar  cross-sections  arc 
associated  with  the  excited  metre-scale  ionospheric  irregularities  (Rao  &  Thome 
1974;  Minkoff  1974). 

Parametric  decay  instability  can  be  excited  in  the  ionosphere  near  the 
reflexion  height  of  O-mode  heater  waves.  Plasma  line  enhancement  detected  by 
the  Arecibo  incoherent  radar  has  been  attributed  to  the  excitation  of  such  an 
instability  (Fejer  &  Kuo  1973;  Perkins  et  al.  1974).  Our  analyses  show  that  upper- 
hybrid  waves  can  be  generated  at  heights  lower  than  that  of  parametric  decay 
instability.  The  competition  of  the  proposed  instability  with  parametric  decay 
instability  may  result  in  the  ‘overshoot’  phenomena  of  plasma  lines  observed 
by  Showen  &  Kim  (1978)  at  Areeibo.  The  possible  process  is  that  the  short-scale 
irregularities  developed  within  seconds  by  the  proposed  instability  at  lower 
heights  can  scatter  the  heater  waves  and  drastically  reduce  the  pump  intensity 
in  the  parametric  decay  instability  zone.  Finally,  the  applicability  of  the  pro¬ 
posed  instability  should  be  pointed  out.  If  the  polarization  vector  of  ordinary 
heater  waves  coincides  exactly  with  the  geomagnetic  field,  the  instability 
proposed  in  this  paper  cannot  be  excited.  This  is  because  a  perpendicular  com¬ 
ponent  of  the  wave  field  is  the  driving  force  of  this  instability.  Therefore,  iono¬ 
spheric  irregularities  are  not  expected  to  be  excited  by  the  proposed  instability 
at  the  equator.  By  contrast,  this  instability  should  operate  efficiently  at  high 
latitudes. 

This  work  was  supported  by  AFGL  contract  Fl 9628-83- K-0024  at  Regis 
College  Research  Center  and  in  part  by  NSF  grant  ATM-8114427,  in  part  by 
Air  Force  Office  of  Scientific  Research  Grant  AFOSR  83-0001  at  Polytechnic 
Institute  of  New  York. 


Appendix  A.  Derivation  of  the  coupled  mode  equation  given  by  (4) 

The  coupled  mode  equation  derived  here  describes  t  he  process  of  exciting  high- 
frequency  modes  by  scattering  the  pump  waves  off  the  low-frequency  electro¬ 
static  density  perturbations.  Mathematically,  the  coupled  mode  equation  relates 
the  excited  high-frequency  perturbations  to  the  pump  wave  field  (E;,)  and  the 
low-frequency  electron  density  perturbations  (fl/?,). 

Since  only  electrons  can  respond  quickly  in  high  frequency  fields,  the  ion 
velocity  term  in  the  electron  momentum  equation  (2)  can  be  set  to  be  zero.  Taking 
the  time  derivative  of  (1 )  and  substituting  (2)  into  ( I )  to  replace  c'V,./^ t  leads  to 


t>*n 

77* 


cY 


-<"F,)- 


v v 

in 


1  1Y.(#»VvS) 


V.[Y  (wVV)|. 
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The  subscript  e  has  been  dropped  in  (A  1)  since  no  other  species  except  electrons 
are  considered. 

To  eliminate  the  V .  (nV  x  2)  term  in  (A  1),  the  following  equation  is  obtained 
from  the  summation  of  (2)  x2  and  (l).(V  xz): 

(|  +  r)n(Vx2)  =  V.[nV(V  x2)]-^^-^E  xS  +  nV^I}.  (A  2) 


Taking  the  (d/8t  + 1>)  derivative  of  (A  2),  with  some  manipulation  one  can  obtain 
[(I  +  f)'  +  £!■  »(v  >i  S)  •  .  [»v(v  x  J)  -  SiV .  (»vv . ) 

-  (|  +  ,U(?£i-S  +  “Exs)-Si(5>  +  “El 

\i)t  /  \  m  m  )  \  m  m  } 

(A  3) 

Taking  the  [(£/#<  + 1>)2+  £i2]  derivative  of  (A  1)  and  then  substituting  (A  3)  for 
[(d/dt  + 1’)2  +  il2]  n(  V  x  2)  in  ( A  1 )  finally  yields 

+  Q  (I + ^  v  • (wE  x  2)  =  (I + "F  v  • [V  • (wVV)] + Q2 1  •  <nV*» 

-£i(^  +  »')  V.V.[«V(Vx2)].  (A  4) 

All  the  terms  on  the  right-hand  side  of  (A  4)  are  negligible,  because  they  represent 
the  higher-order  effects.  After  linearization,  (A  4)  can  be  written  in  the  form 

(AS) 


where  E,,  n,,  E^,,  and  8nf  arc  the  field  of  the  excited  high-frequency  modes,  the 
high-frequency  electron  density  pert urbations,  the  pump  wave  field,  and  the 
low-frequency  electron  density  perturbations,  respectively;  Vp  has  been  replaced 
by  3TeVn,  in  (A  5). 

In  the  case  of  interest,  the  excited  high-frequeney  modes  arc  electrostatic 
waves  propagating  across  the  geomagnetic  field  (taken  along  the  z  axis),  namely, 
Ej  =  —  Then  (A  5)  reduces  to 


!>.  .-ii  <a«» 


3Si\i  -'V  -j  JAO'J  iv  U3DIUJOBH  1H 


476  M.  C.  Lee  and  S.  P.  Kuo 

This  is  the  coupled  mode  equation  given  by  (4)  in  the  text.  In  obtaining  (A  6),  a 
uniform  medium  has  been  assumed  and  the  Poisson’s  equation  in  the  form  of 
n,  =  (4we)_1  has  been  used. 


Appendix  B.  Discussion  on  the  beating  current  at  zero  frequency 

A  paradox  is  discussed  in  Fejer  (1979)  as  a  caution  against  the  use  of  a  low- 
frequency  beating  current  term  in  the  wave-plasma  interaction.  In  the  following 
discussion,  we  examine  the  correctness  of  the  zero-frequency  (i.e.  non-oscillatory) 
beating  current  used  in  our  work  and  show  that  the  paradox  discussed  by  Fejer 
does  not  exist  in  our  case. 

Let  us  first  examine  the  non-oscillatory  beating  current  in  collisionless,  un¬ 
magnetized  plasmas.  To  employ  the  results  in  the  text  directly,  we  let  Epu  =  0 
and  then  Epj|k  =  where  Ep  is  the  pump  electric  field,  and  k  is  the  wave 
vector  of  the  excited  modes.  The  non-oscillatory  beating  current,  which  appears 
in  the  electron  continuity  equation,  is  defined  by 


Jb  =  ««*Vp  +  nfaV*  +  c.c., 

where  Vp  =  —i(e./m)Ep/(o0  is  the  electron  velocity  responding  to  the  pump 
field  Ep.  This  current  is  driven  by  the  pump  field  Ep  in  the  oscillating  electron 
density  perturbations  fnel,  Sn(2  of  the  excited  Langmuir  waves. 

From  Poisson’s  equation, 


8nn=  -(k2/4ne)<b1  and  Sne2  =  -(A-2/ 4ttp)<I>2, 


where  <h1  and  <J>a  are  obtained  from  the  coupled  mode  equations  (on)  and  (56), 
respectively,  as 


i(i)p  1  iy  J  u)0  8n* 

k  r  p  n0  ’ 


(B  1) 


i(ol  1  -  iy/<,)0  „  8nf 
k  T  pn’ 


(B  2) 


where  8ne  =  8necxp  (yt  -  ikx)  is  the  electron  density  perturbation  due  to  the 
purely  growing  mode;  n0,  wp,  w0,  y  are  the  unperturbed  plasma  density,  the 
electron  plasma  frequency,  the  pump  wave  frequency,  the  growth  rate  of  purely 
growing  instabilities,  and 


T  =  u>l  4-  k*v f  +  +  v%  -  <t)%  =  u>l  +  kh  j  -  wj 


in  collisionlcss,  unmagnetized  plasmas.  An  additional  term,  iy/w0.  has  been 
retained  in  (B  1)  and  (B  2)  for  exact  consistency  between  Fejer 's  result  and  ours. 
In  reality,  this  term  is  negligible  in  the  case  of  collisions!,  magnetized  plasmas 
considered  in  our  work.  To  be  consistent  with  Fejcr’s  notation,  we  let 


where  Rp  is  real. 
Then, 

8nrl  = 


K„  =  Rp  exp  ( -  i(,)0t) 


A2  I  -  iy/«)„  R„ 

4  ire  A  P  2 


8n* 

exp{  -  -  c\p( 


il  r  i  yt). 


(B:«) 
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8n... 


**-  &exp  ( -  Ox  +  ro ,  (B4) 

2  H0 


f2  "  4^e  Ic  r 

The  non -oscillatory  heating  current  is,  therefore,  given  by 


1  y  eE 

Jb  =  <S/i*  r„  +  +  c.c.  =  -  -  —  a- — -  sin  Lr, 

p  2  w0  mw0 


(B  5) 


where  cr  =  (k/2rre)(ajp/r)(8ne/n0)e'/t.  This  result  agrees  with  that  obtained  in 
Fejer  (1979).  The  charge  density  (5%)  of  the  excited  Langmuir  waves  is 

dnh  =  8neX  +  8ne2  +  8n?i  +  8n&  =  -<xsinLr(sinw0<  +  (y/«0)cosw0t),  (B  6) 

which  has  the  form  of  a  standing  wave. 

We  now  show  that  the  paradox  discussed  in  Fejer  (1979)  can  be  removed  if  we 
consider  a  four-wave  interaction  process  for  purely  growing  modes  wherein  the 
charge  density  of  the  excited  Langmuir  waves  has  been  show  n  to  have  a  standing- 
wave"  format  given  by  (B  6).  Accordingly,  we  replace  o-2sin  (w2<-k2.p),  which  is 
the  travelling- wave  format  used  in  Fejer  (1979),  by  (B  6)  for  the  charge  density 
of  the  Langmuir  waves  in  the  oscillating  frame.  The  charge  density  in  the 
stationary  frame  is  then 


-  <t2  sin  k2p  ( sin  o>2t  +  —  cos  w2/j 
\  W2  / 

=  -<r2sinfc2a-^sinw2t-|-^cosw2fj + 


<T„Qoskr,xk0ePj, 


mut 


r  (  cos  (w,  —  (o2)t 


—  cos  ((u1  +  0J2)t-\ —  [sin  (wj  +  (o2)  t  —  sin  (wt  —  w2)  1 1  [ , 


which  has  the  component, 

<t2  cos  k2x  k2e,E 


k2eEp  " 

TTCWj2 


y 

cos  (w,  -  w2)  t  —  —  sin  («, 

(On 


-w2)/j 


at  the  frequency  wl  —  <o2.  This  component,  for  w,  =  o>2  =  leads  to  a  non- 
oscillatory  current  density  as 

1  y  eEp  . 

«4  =  <To — -*"■ 


-sin  k,x 


(B  7) 


6  2w0'!ww0' 

which  is  derived  from  the  continuity  equation  V .  J6  +  (8 /it)  8nh  =  0  and  agrees 
with  (B  5).  If,  on  the  other  hand,  the  charge  density  of  Langmuir  waves, 

—  cr2  si  n  k2  x  (si  n  <o2 1  +  (y  /«2 )  cos  w2 1 ) , 

is  simply  multiplied  by  the  electron  velocity  induced  by  the  pump  wave, 

v„  =  (c/m)  (£„/«„)  cos  w0f, 
then  the  current  density  is  obtained  as 
,  er2sin  k2x  e  E  l 

•4  - - - - -  sin  (oj2  +  <i>„)  t  +  sin  (o>2  -  (,>„)  t 

1  V\  0)q  \ 


H — 
<o. 


| cos  (to2  -  (o())t  sin(M2 
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For  on,  <o{).  the  non-oseillatory  current  density  is 

1  7  eft 


•4 


•  -  —  (T., 


sill  k 


which  has  the  same  form  as  that  derived  from  the  continuity  equation  shown  in 
(B  7),  and  no  paradox  results. 

In  conclusion,  the  non-oseillatory  beating  current  can  be  consistently  derived 
in  different  ways,  if  we  take  into  account  the  fact  that  the  phase  relation  between 
the  Langmuir  waves  and  the  pump  wave  is  not  random  but  uniquely  determined 
by  the  coupled  mode  equations  in  our  case.  This  is  the  key  factor  which  deter¬ 
mines  the  characteristic  of  the  charge  density  of  Langmuir  waves,  namely,  the 
format  of  a  standing  wave  rather  than  a  travelling  wave.  The  non-oseillatory 
beating  current  is,  indeed,  negligibly  small  in  collisionless,  unmagnetized  plasmas 
as  discussed  above.  However,  collisions  and  the  imposed  magnetic  field  effect  can 
change  the  phase  relation  between  the  excited  Langmuir  waves  and  the  pump 
wave.  Consequently.  Snfl  and  V.,  are  no  longer  out  of  phase  in  collisional,  mag¬ 
netized  plasmas.  As  shown  in  the  text,  the  non-oseillatory  beating  current  is 
found  to  be  an  important  nonlinear  phenomenon  affecting  the  excitation  of 
upper-hybrid  modes  and  purely  growing  modes  with  short  scale  lengths. 
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ABSTRACT 

Three  adiabatic  invariants  of  the  electron  motion  under  elec¬ 
tron  cyclotron  resonance  heating  have  been  derived.  The  relativistic 

effect  has  been  included  in  the  analysis .  ■  It  is  shown  that  the  relativistic 
effect  always  tends  to  reduce  the  parallel  energy  of  the  electrons  during 

the  early  stage  of  heating. 


Heating  of  plasmas  in  the  electron  cyclotron  frequency  range  ap¬ 
pears  to  be  a  very  promising  method.  This  is  due  in  part  to  the  avail¬ 
ability  of  a  new  type  of  powerful  millimeter- wave  source,  the  gyrotron  [  1  % 
and  in  part  to  a  successful  demonstration  of  ECRH  in  fusion  research 
devices  [2,3%  Since  the  heating  efficiency  depends  on  the  rate  of  net 
energy  gain  by  electrons  throughout  the  entire  period  of  wave- electron 
interaction,  the  effectiveness  of  the  ECRH  process  strongly  relies  on  the 
resonance  condition.  However,  the  assumption  of  an  exact  resonance 
condition  is  impractical  in  reality,  and  since  a  small  mismatch  to  the 
resonance  condition  may  mean  a  strong  deterioration  in  the  heating 
efficiency,  a  better  understanding  of  the  ECRH  process  is  needed  in  order 
to  improve  this  resonance  heating  process  to  become  more  effective. 

Several  theories  [4-11^  have  thus  been  developed  to  achieve  this 
goal.  In  our  previous  study  [5}  it  was  found  that  the  bouncing  motion 
of  electrons  could  serve  to  alleviate  the  detuning  effect  of  frequency  mis¬ 
match  and:efficient  heating  could  be  achieved.  It  was  further  shown  that 
the  heated  electrons  tended  to  focus  themselves  to  the  midplane  of  the 
bouncing  motion  configuration  due  to  the  interaction  between  electrons 
and  the  parallel  component  of  the  wave  electric  field.  It  worked  to  en¬ 
hance  the  confinement  of  those  electrons  in  an  "equivalent"  mirror  trap. 

Our  purpose  in  this  letter  is  to  present  the  relativistic  effect  on  ECRH 
process.  Three  adiabatic  invariants  of  electron  motion  under  ECRH 
condition  are  derived,  from  which  we  have  shown  that  on  the  average  over  the 
mismatch  periods  the  relativistic  effect  always  tends  to  reduce  the  parallel 
energy  of  the  electrons  during  the  early  stage  of  heating,  a  similar  feature 
to  that  caused  by  the  bouncing  motion  of  the  electrons  [5], 


We  study  the  problem  from  single  particle  approach.  The  nonlinear 

interaction  of  a  single  electron  with  a  heating  wave  of  ordinary  mode  near 

a  cyclotron  harmonic,  o>~  Ml  is  analyzed,  where  u  is  the  wave  frequency, 

2  2 

fl  =eBo/ynic  is  the  relativistic  electron  cyclotron  frequency,  y  =  (l  +  P  /m  c 
is  the  relativistic  factor,  Bq  is  the  background  magnetic  field,  P  is  the  mo¬ 
mentum  of  the  electron  and  N  is  an  integer.  The  relativistic  electron  orbit 
equations  are 

£?=P/Ym  (1) 

i-P  =  -e[E  +  (P/vmc)x(B+;Bon  .  <2> 

•*  *> 

where  (r,  P)  are  the  spatial  and  the  momentum  coordinates  of  the  electron, 
m  is  the  rest  mass,  and  "E  and  f? are  the  electromagnetic  heating  wave 
fields  of  ordinary  mode,  i.e.,  E  =  £z-(k  /k  )x*)Eand  B=(c/u)'kxE, 

z  x 

mi  A  A 

where  E=Ecos(k^x  +  k^z-  cot)  and  k  =  xk^  +  zk^.  energy  equation 

of  the  electron  is 

mc2^-y  =-(e/ym)E*P  (3) 

We  first  decompose  Eq.  (2)  into  axial  and  transverse  components 
Pz  =  -e(l-k  ♦  v/ui  )E  +  (k^/wjmc2  —  y  (4) 

^-p"  =  (kz/kA)e(1-k-v/u>)E-inF"+(kA/u))mc  -g-  y 

(5) 

where  Eq.  (3)  has  been  incorporated  to  obtain  (4)  and  (5),  and  P  =  P  -iP  . 

x  y 

Equation  (5)  is  then  integrated  formally  to  be 


P~=e  o  |p"-e/  dt/e  °  [(kv VuJ.Eft'j^^/k^l-k.v'/uJEtt') 

(6) 

-ieo  _i 

where  P  =  P  -  iP  =  P  e  ,0  =  tan  (v  /v  )  is  the  initial  phase 
o  ox  oy  Oi  *  o  1  oy  ox 

•4 

angle  of  electron  in  velocity  space,  f2/  =  f2(t/),  =  S2(t"  )  and  v#  =  v(t' ). 

Since  the  wave  field  E  itself  depends  on  x  and  z,  i.e.,  the  solution 

of  (1)  and  (2),  therefore,  it  is  useful  to  define  a  self-consistent  trajectory 

prior  to  express  (6)  explicitly.  Near  the  cyclotron  harmonic  resonance, 

i.e.,  co~NSl,  only  the  slow  time  varying  component  of  the  integral  on  the 

RHS  of  (6)  contributes  to  the  resonance  trajectory  of  the  electron.  One 

can  then  define  such  a  set  of  self-consi6tent  resonance  trajectory  as 

-t  r* 

vx  =  v^ cos{eo+^(  +J  £2'dt'),  vy  =  VAsin(0o+  •$  +  J  fi'dt'),  x=xQ  +  (vy/n) 

and  z  =  z  +  J  v#  dt',  where  v#  =v  (t#)  is  assumed  to  retain  only  those  of 
o 

slow  time  varying  components,  ^  is  the  nonlinear  phase  due  to  the  resonance 
interaction,  and  ^(o)  =  0.  Substituting  this  set  of  resonance  trajectory  into 
(3)-  (5),  the  governing  equations  for  the  slow  time-varying  components  of 
the  variables  y,  v  J  v^  and  are  derived  to  be 

a  =  (cE/Bo)(kz-k2vz/u)(N/a)  JN(a)coscpN  (7) 

ft  tpN=-Aco  -(cE/Bo)(kz-k2vz/u>)(N/a)J^(&)sincpN  (8) 

mc2A.  y  =  eE(kzNn/k2- vz)JN(cr  )coscpN  (9) 

ft  Yvz=  -(eE/m)(l-’.lc2Nn/k2  w)JN(&)cos<pN 


(10) 


where  ft,  =  k  v  /S2 ,  ep^  =  N(0Q  +  ^)+k  x  +  ^-Zz-Q  ~  J  Aw(t#)dt#,  Aw  =  w-N£2- 
l  J.  o  1  o  o  o 

k  v  ,  and  J.T(ft)  and  j'(a)  are  the  Bessel  function  of  order  N  and  its 
z  z.  N  N 

derivatives,  respectively. 

Equations  (7)-  (10)  are  the  characteristic  equations  for  describing 
the  resonance  interaction  between  electrons  and  the  ordinarily  polarized 
heating  wave.  Two  sources  of  detuning,  one  introduced  by  the  motion  of 
the  particle  guiding  center  as  is  manifested  by  the  k  v  term  and  another 
one  comes  from  the  relativistic  effect  £2  =  £2(t),  are  included  in  the  phase 
equation  (8)  in  which  the  Aw  term  accounts  for  the  total  detuning  effect. 

These  equations  are  all  coupled  to  each  other;  however,  three  invariants 
of  the  motion  can  be  determined  and  used  for  separating  the  coupling  between 
each  of  the  rate  equations. 

We  now  proceed  to  derive  the  adiabatic  invariant  relations  from  the 
characteristic  equations  (7)  -  (10).  This  will  be  done  by  taking  the  ratio 
of  the  two  relevant  equations  among  the  four  characteristic  equations  and 
then  integrating  the  resultant  ratio  to  obtain  each  invariant.  Three  inde¬ 
pendent  combinations  can  be  made  and,  hence,  three  invariant  relations 
can  be  derived.  We  first  take  the  ratio  of  (9)  to  (10),  the  result  is  then 
integrated  to  be 

2  2 

(vv  -k  Nil  /k^  )  -  c^(v- Nil  k^/k^w)  =  constant  in  time  =  A,  .  (11) 

'  1  Z  Z  O  i  'T  O  '  A  '  1  ■ 

Similarly,  from  (7)  and  (9),  yields 

v-(w/k^c^)(k  yv  +  ^  ft^/2N)  =  constant  in  time  =  A,  (12) 

*  2  2  0  w 

where  A^  is  related  to  A^.  The  relationship  is  obtained  by  substituting  (12) 

2  2  2  2  2  2 
into  (11)  and  using  the  relation  y  =1+(S2  ft/k  cj  +(yv  /c)  =1+P  /m  c  , 

OX  2 


the  result  is 


A1=(k2A^)(Nno/«0)[2A2  +  (k^)(a)Nno/k4c£)-(k4A^)(Nno/(0)3 


2  A  2 


2  2.  „  2  A  2 


The  last  invariant  is  obtained  from  (7)  and  (8)  and  it  is 

JN(ft>sin<pN-  (k*/k2)t(YVYovzo>"  (kzc2/2Nn0)(%AAc)Z(a2-tto) V\ 


=  constant  in  time  =  A. 


where  v  =  eE/mu  . 

q 

We,  therefore,  have  shown  that  the  electron  trajectory  in  the  phase 
space  of  polar  coordinates  (ft,  Cp^j)  is  governed  by  the  invariant  relation 
(14),  which  is  coupled  to  the  other  two  invariants  (11)  and  (12).  The  second 
term  on  the  L*HS  of  (14)  manifests  the  effect  of  detuning  on  resonance  inter- 

i  .. 

action,  where  the  first  term  (YVZ"Y0VZ0)  ^  *ke  parenthesis  is  attributed 

to  the  relativistic  effect  and  the  second  term  in  that  arises  from  the 

oblique  propagation  of  the  heating  wave  (i.e.  k  /0). 

z 

If  we  focus  on  relativistic  detuning  effect  only  and  thus  set  k^  =  0, 
i.e.,  considering  normal  incidence  case,  the  three  invariants  (11),  (12), 
and  (14)  then  reduce  to 

y2v2-  yZvZn  =  c2(y-Y  J(y+Y  -2NS1  A)  (15) 

1  Z  'o  ZO  '‘'o'  '  o  o 

Y-Y  =  ('<*>«  /2Nk2c2)(a2- a2)  (16) 

1  *  o  o  o 


JN(a)EinCpN”(YVz"Y0Vzo)/vq  =  A3  (1 

respectively. 

Without  the  second  term  on  the  LHS  of  (17),  it  reduces  to  the  non* 
relativistic  result  J^(a)  sin<p^  =  constant  in  time  which  shows  that  the 
result  of  resonance  interaction  is  to  change  ft  and  tpj.  continuously  and 


simultaneously,  following  a  closed  contour  in  the  polar  Ct'tpN  coordinate 

space.  However,  the  relativistic  effect  provides  a  coupling  between  v 

and  v  ,  as  shown  by  (15)  and  (16),  and  also  causes  the  detuning  of  resonance 
z 

interaction.  From  the  change  of  the  electron  cyclotron  frequency  with  the  energy, 
this  effect  can  be  expressed  in  a  form  as  the  second  term  on  the  LSH  of  (17). 

The  continuous  heating  process  then  cannot  be  sustained.  This  effect,  however, 
can  be  reduced  by  increasing  the  intensity  of  the  heating  wave  (i.e.,  v^).  From 
the  ratio  of  (15)  to  (16),  the  result  of  the  ratio  of  parallel  energy  gain  to 
the  perpendicular  energy  gain  for  each  electron  is  obtained  as 


,22  22.,.  22  22.  1 
( v  v  -  v  v  )/( y  v  -y  v  )  -  tTt( 
'T  z  'o  zo  1  x  'o  j.o  ZN 


n  (o) 


•)  «  (Auo  +  Aw)/Zw 


where  Aw  =w  -NS2  and  Aw  =  Aw(o).  It  shows  that  if  Aw  +  Aw  <  0,  \v 
o  '  o  o  1  X 

and  Yvz  change  in  &  different  way.  Furthermore, if  Atu^  <0  and  Acu<0,  i.e.  Am^Am  >0, 
then,  during  the  period  that  the  electron  gains  energy  from  the  wave  the  mis¬ 
match  frequency  is  also  reduced  so  that  the  interaction  period  of  gaining 
energy  from  the  wave  is  increased.  On  the  other  hand,  during  that  period 
when  electron  loses  energy  to  the  wave  the  mismatch  frequency  is  increased  and  the 
period  of  losing  energy  to  the  wave  is  reduced.  On  the  average  over  the  mismatch  period,  .the 

electron  will  then  gain  energy  from  the  wave  in  this  case.  Since  the  change 

2  7  2  2 

of  v  v  is  a  small  fraction  of  the  change  of  y  v  ,  we  thus  conclude  that  the 
'  z  A 

relativistic  effect  will  give  rise  to  the  perpendicular  heating  and  simultaneously 

cause  the  parallel  cooling.  While  in  thexase  both  Au>o  >0  and  Am  >0,  i.e.  Aa)f>Am>0, 

similar  argument  gives  the  conclusion  that  electron  is  losing  energy  to 

the  wave  on  the  average.  Since  yv  anc^  Yv  have  change  in  the  same 

z  A 
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manner,  i.e.,  increase  or  decrease  together,  the  result  of  the  interaction 
between  wave  and  electrons  in  this  case  is  therefore  also  to  reduce  the 


parallel  energy  of  the  electrons  on  the  average. 

In  both  cases,  Jyv^j  is  decreasing  on  the  average,  when  Au>oAoj>0. 

Since  the  condition  Ao^Aiu  >  0  always  holds  in  the  beginning  phase  of  heating 
on  the  average  the  relativistic  effect  always  tends  to  reduce  the  parallel 
energy  of  the  electrons  during  this  phase. 
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ll  is  predicted  that  the  earth's  magnetic  field  can  be  significantly  perturbed  locally  by  the  microwave 
beam  transmitted  from  the  conceptualized  solar  power  satellite  (SPS)  at  a  frequency  of  2.45  GHz  with 
incident  power  density  of  230  W/m2  at  the  center  of  the  beam.  The  simultaneous  excitation  of  earth’s 
magnetic  field  fluctuations  and  ionospheric  density  irregularities  is  caused  by  the  thermal  filamentalion 
instability  of  microwaves  with  scale  lengths  greater  than  a  few  hundred  meters.  Earth’s  magnetic  field 
perturbations  with  magnitudes  (~a  few  tens  of  gammas)  comparable  to  those  in  magnctospheric  sub¬ 
storms  can  be  expected.  Particle  precipitation  and  airglow  enhancement  are  the  possible,  concomitant 
ionospheric  effects  associated  with  the  microwave-induced  geomagnetic  field  fluctuations.  Our  present 
work  adds  earth’s  magnetic  field  perturbations  as  an  additional  ell'ect  to  those  such  as  ionospheric 
density  irregularities,  plasma  heating,  etc.,  that  should  be  assessed  as  the  possible  environmental  impacts 
of  the  conceptualized  solar  power  satellite  program. 


1.  Introduction 

The  solar  power  satellite  (SPS)  is  a  conceptualized  energy 
proposal  for  the  conversion  of  solar  into  microwave  energy  on 
a  geostationary  satellite  (see  Glaser  [1977]  for  the  details).  The 
subsequent  transmission  of  microwaves  from  the  satellite 
toward  the  earth  naturally  gives  rise  to  a  concern  of  the  possi¬ 
ble  environmental  impacts  of  this  bold  large-scale  energy  pro¬ 
gram.  The  wave-ionosphere  interaction  assessed  by  the  scien¬ 
tific  community  includes  the  substantial  heating  of  the  iono¬ 
sphere  and  the  generation  of  ionospheric  density  irregularities 
[Perkins  and  Rohle,  1978;  Gordon  and  Duncan,  1978;  Perkins 
and  Goldman,  1981 ;  Rush,  1981 ;  Gordon  and  Duncan,  1983]. 

It  is  shown  in  this  paper  that  earth’s  magnetic  field  can  be 
significantly  perturbed  by  the  microwave  beam  of  the  SPS  at 
the  envisioned  frequency  of  2.45  GHz  with  the  incident  power 
density  of  230  W/m2  at  the  center  of  the  beam.  Large 
microwave-produced  earth's  magnetic  field  perturbations  (<5B) 
are  associated  with  the  simultaneous  excitation  of  large-scale 
field-aligned  ionospheric  density  irregularities  (b n)  via  the 
thermal  filamentation  instability.  This  instability  excited  by 
the  incident  microwave  generates  an  electromagnetic  sideband 
mode  and  purely  growing  modes  (dll  and  d/i).  This  instability 
has  been  investigated  for  the  cases  of  the  HF  ionospheric 
healing  experiment  [KT«>  and  Lee,  1983],  the  envisioned  MF’ 
ionospheric  heating  experiment  and  the  VLF'  wave  injection 
experiment  [Lee  and  Kuo,  1 984].  In  these  three  cases,  the 
incident  radio  wave  is  described  as  either  a  right-hand  (i.c.,  an 
R  wave)  or  a  left-hand  (i.e.,  an  L  wave)  circularly  polarized 
wave.  However,  the  ionosphere  does  not  impose  a  significant 
effect  of  birefringence  on  microwave  propagation  and  the 
microwave  beam  of  SPS  docs  not  propagate  generally  along 
the  earth’s  magnetic  field. 

The  thermal  filamentation  instability  of  microwaves  in  the 
ionosphere  is  illustrated  in  section  2  with  a  physical  picture 
that  shows  how  the  earth's  magnetic  field  perturbations  (dR) 
and  the  ionospheric  density  irregularities  (d/i)  Can  be  excited 
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simultaneously.  Described  in  section  3  arc  the  characteristics 
of  the  instability  and  the  evaluation  of  the  conditions  for  the 
simultaneous  excitation  of  dB  and  dn  in  ionospheric  E  and  F 
regions.  The  consequence  of  microwavc-induccd  earth’s  mag¬ 
netic  field  perturbations  as  the  possible  environmental  impact 
of  SPS  is  finally  discussed  in  section  4  with  a  conclusion. 

!  /  .2.  Simultaneous  Excitation  ot  blf  and  Sn 
•  In  utile  transionosphcric  propagation  of  microwaves, 
plasmas  generally  experience  two  types  of  nonlinear  force 
known  as  the  pondcromotivc  force  (or  generally  called  the 
nonlinear  Lorcntz  force)  and  the  thermal  pressure  force  due  to 
the  wave  field  interaction  with  charged  particles.  If  the  micro- 
wave  field  intensity  is  sufficiently  large,  a  microwave  sideband 
and  purely  growing  modes  associated  with  earth's  magnetic 
field  perturbations  (dB)  and  ionospheric  density  irregularities 
(dn)  can  be  excited  by  the  thermal  filamentation  instability. 
The  nonlinearity  is  dominantly  contributed  from  the  thermal 
pressure  force  rather  than  the  ponderomotive  force. 

The  thermal  filamentation  instability  has  been  analyzed  for 
radio  waves  in  the  HF  band  [Kuo  and  Lee,  1983]  and  in  the 
MF  as  well  as  the  VLF  bands  [Lee  and  Kuo,  1984].  The  main 
characteristics  of  this  instability  arc  summarized  as  follows  for 
a  radio  wave  propagating  along  the  earth’s  magnetic  field  as 
either  an  R  or  an  L  wave  represented  by 

L.,(r,  I)  -  r0(.v  ±  iy)  exp  [i(k0r  -  <-V)]  +  c.c. 

Here  c0,  k„.  and  o>u  arc  the  constant  wave  field  amplitude, 
wave  vector,  and  wave  frequency,  respectively;  the  +  signs 
correspond  to  the  R  and  the  L  wave  modes.  The  earth's  mag¬ 
netic  field  or  the  wave  propagation  direction  has  been  chosen 
to  be  the  c  axis  or  the  rectangular  coordinate  system. 

The  excited  sideband  mode  has  the  wave  field  given  by 

c,  =  (tu  cos  ky  +  fc„  sin  ky)  exp  (>•/) 

where  k  =  yk  is  the  filamentation  wave  vector  and  •/  is  the 
growth  rate  of  the  thermal  filamentation  instability.  The  excit¬ 
ed  purely  growing  modes  have  the  general  form  of  bP  = 
bP(cos  ky)  exp  (yt)  associated  with  the  simultaneous  genet - 
ation  of  earth's  magnetic  field  perturbations  (i.e.,  bP  =  ibii) 
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Fig.  I.  Simultaneous  excitation  of  earth's  magnetic  field  pertur¬ 
bations  (dB  =  :  fiB\  and  ionospheric  density  irregularities  (<5n)  by  the 
thermal  lilamentation  instability  of  powerful  radio  waves. 


and  ionospheric  density  irregularities  (i.e.,  SP  =  Sii).  The 
earth's  magnetic  field  perturbations  (<5B)  arc  caused  by  the 
wave-induced  electric  current  (<5JJ  flowing  along  the  X  axis  as 
shown  in  the  Maxwell  equation 


where  <5A(V  x  SA  =  <5B)  is  the  vector  potential  perturbation; 
the  Coulomb  gauge,  V  •  <5A  =  0,  has  been  used  in  ( I).  It  should 
be  pointed  out  that  the  earth’s  magnetic  field  perturbations, 
<5B  =  i  <5fl(cos  ky)  exp  (•//),  occur  in  the  direction  of  the  back¬ 
ground  magnetic  field  (B0  =  zB0).  This  feature  can  be  clearly 
seen  in  Figure  I  where  a  physical  picture  is  provided  to  de¬ 
scribe  the  simultaneous  excitation  of  <5B  and  Sn. 

In  the  high-frequency  wave  fields  (viz.,  E„  and  c,),  ions  are 
not  able  to  respond  quickly  and.  therefore,  oily  electrons  can 
be  heated  in  the  ionosphere.  When  the  electron  temperature 
perturbations  (fiTr)  have  a  spatial  variation  across  the  earth’s 
magnetic  field  (B„  =  zH„)  electrons  experience  a  thermal  pres¬ 
sure  force.  =  —  \iP/<'yHn0ATJ.  as  indicated  by  the  dotted 
arrow  in  Figure  1.  This  results  in  electron  bunching,  namely, 
electron  density  perturbations  (fin).  Charge  separation  thus 
formed  gives  rise  to  a  self-consistent  field  (rfK)  that  is  associ¬ 
ated  w  ith  the  excitation  of  purely  growing  modes.  In  the  pres¬ 
ence  of  <SK  and  F,..  plasmas  have  the  OF  x  B0  and  F,  x  B0 
types  of  drift  motion.  While  both  electrons  and  ions  move 
together  in  the  «5K  x  B„  drift,  only  electrons  drift  at  the  veloci¬ 
ty  of  —  F,  x  B./eB,,2  due  to  the  thermal  pressure  force.  The 
wave-induced  quasi-dc  electric  current  (dj  =  v  fij)  or  the 
vector  potential  (dA  =  v  d/1),  caused  by  the  F,  x  Il0  drift,  is 
responsible  for  the  earth's  magnetic  field  perturbations  (dB  = 
f  dB)  that  orient  along  the  background  magnetic  field  (B0  = 
:B0)  because  of  dB  =  V  x  dA.  It  should  be  stressed  that  the 
orientation  of  illl  along  B„  is  determined  by  dj  or  dA  induced 
by  the  F,  x  B„  drift. 

The  physical  process  of  producing  both  dB  and  fin  is  reiter¬ 
ated  with  the  aid  of  block  diagrams  in  Figure  2  that  display  a 
positive  feedback  loop  for  the  the  thermal  lilamentation  insta¬ 
bility.  There  are  two  points  to  make:  (1)  fin  and  dj  (then.  dB) 
arc  induced  in  proportion  by  F,„  and  one  thus  can  expect  that 
fiH  or  fin,  and  (2)  fin  caused  by  the  spatially  varying  fiTr  rein¬ 
forces  the  nonuniform  electron  heating  that  yields  fiTr  in  turn. 


Indeed,  the  relation  that  fin  x  fill  has  been  found  in  our  pre¬ 
vious  studies  [Kuo  ami  /.tv,  1983;  Lee  anil  Kuo,  1984],  The 
full  expression  is 


where  n0(Bu),  v,„  a>p_.,  y,  A  (  =  2 n/k).  and  c  arc  the  background 
plasma 'density  (earth's  magnetic  field),  the  electron-ion  col¬ 
lision  frequency,  the  electron  plasma  frequency,  the  growth 
rale  of  the  instability,  the  scale  length  of  the  excited  modes, 
and  the  speed  of  light  in  vacuum,  respectively.  It  is  clear  from 
(2)  that  the  earth's  magnetic  field  perturbations  (dB/B0)  arc 
comparable  to  the  ionospheric  density  irregularities  (fin/n0) 
•f  [1  +  (‘'//^nr/Ato,,)2]  =  I,  namely,  (v,/y)(2nc//.«>r,c)2  «  1. 
Otherwise,  the  earth’s  magnetic  field  perturbations  are  negligi¬ 
bly  small  as  compared  to  the  ionospheric  density  irregularities. 
The  growth  rate  (y)  is  nearly  independent  of  A  (sec  Figure  3). 
Therefore,  significant  earth’s  magnetic  field  perturbations  are 
associated  with  the  excitation  of  large-scale  ionospheric  den¬ 
sity  irregularities. 


3.  Tiii.rmal  F'ilami.ntation  Instability 
of  Microwavls 


Although  a  positive  feedback  loop  is  expected  for  the  ther¬ 
mal  filamentation  instability,  this  instability  requires  a  thresh¬ 
old  because  purely  growing  modes  (dB  and  <5ri)  are  not  normal 
modes  but  nonlinearly  driven  inodes.  The  threshold  field  (cIk) 
of  the  instability  is  obtained  by  taking  y  =  0  in  the  following 
dispersion  relation  [Kao  ami  Lee,  1983;  Lee  and  Kao,  1984]: 

y.f)  + V 


where 


">0(a>02  -  ny 2  +  m0nr) 
(o>0  +  fl,Xro02  -  oi „2  -  k2c2) 

_  ,  IVK 1  -  H  ,2) 
qt  ~ 


(4) 

(5) 


P  .IP  )  and  </,(</-)  correspond  to  the  R(L )  wave;  v,  =  y  +  v,; 

/=  (■/>’,.  +  *2<V  +  2yk2K2/3y)A! 


=  y  +  *’(. 

y  =  y  +  2v,(m/\f)  +  v,lc2F,2/n,2 
and  »i{M),  e,  C v>p,,  v„,  Ij(l'),  and  C,  are  the  electron  (ion) 


Fig.  2.  A  positive  feedback  loop  for  the  thermal  filamenlalion  insta¬ 
bility. 
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mass,  the  electric  charge,  the  electron  gyrofrcqiicncy.  the  ion 
plasma  frequency,  the  ion-neutral  Collision  frequency,  the  elec¬ 
tron  (ion)  thermal  velocity,  and  the  ion  acoustic  velocity,  re¬ 
spectively. 

This  dispersion  relation  can  be  much  simplified  when  it  is 
applied  to  the  case  of  microwave-ionosphere  interaction.  The 
effect  of  ionospheric  rcfringcncc  on  microwaves  is  relatively 
immaterial  because  the  microwave  frequency  is  larger  than  the 
electron  gyrofrequcncy  by  three  orders  of  magnitude.  There¬ 
fore,  (4)  and  (5)  can  be  approximated  by  Pt  =  1  and  qt— ♦ 
±  oo,  respectively.  The  polarization  of  the  microwave  is  as¬ 
sumed  to  be  within  a  meridian  plane  for  the  efficient  exci¬ 
tation  of  field-aligned  modes. 

The  threshold  field  and  the  growth  rate  derived  from  (3)  for 
this  case  arc  given,  respectively,  by 


me 


=  0.6 


—  m-;(  2 
<V  V 


k’vfy* 


and 

'/  =  (i)[-a  +  (fl2+4/>)''2] 

where 


(6) 

(7) 


a  =  2v,[(m/A/)  - 
b  -  8(av,C1/;.n,2)[(£0/£lt)J  -  1] 


The  threshold  condition  shown  in  (6)  is  determined  by  the 
energy  balance  between  the  driving  (heat)  source  of  the  insta¬ 
bility  (i.e ,  the  collisional  dissipation  of  microwave  pump  and 
the  excited  sideband  mode)  and  the  damping  processes  denot¬ 
ed  by  the  two  terms:  2(m/M)  and  k2V2/ile2.  These  two  damp¬ 
ing  terms,  appearing  in  the  electron  energy  equation,  represent 
the  collisional  damping  of  the  heat  source  and  the  cross-field 
heat  conduction  loss,  respectively.  The  former  term  dominates 
over  the  latter  term  if  the  scale  length  (/.  =  2rt/fc)  of  the  insta¬ 
bility  is  larger  than  ( 2M/m)'l2nV,/Qe ;  it  is  reversed  otherwise. 
Since  both  the  driving  source  and  the  damping  processes  are 


I  ig.  3.  The  threshold  field  (i:„).  the  growth  rate  (y),  and  the  ratio  of 
0U/Uo)  to  (An/nnt  as  a  function  of  the  scale  length  (a). 


caused  by  collisions,  the  threshold  field  of  the  instability  given 
by  (fi)  is  independent  of  the  collision  frequency  consequently 
In  contrast,  the  growth  rate  is  proportional  to  the  collisional 
frequency.  This  is  because  the  collective  oscillation  (i.e..  the 
field-aligned  purely  growing  modes)  relies  on  the  cross-field 
mobility  that  is  facilitated  by  collisions. 

Our  theoretical  model,  which  is  now  applied  to  the  study  of 
microwave-ionosphere  interaction,  was  originally  formulated 
for  wave  beams  with  large  cross  sections  propagating  along 
the  geomagnetic  field  in  the  ionosphere  and  in  the  mag¬ 
netosphere.  The  inhomogeneity  of  the  background  plasma 
density  can  be  reasonably  ignored  in  our  previous  studies  of 
VLF,  Ml',  and  HK  cases  because  the  proposed  process  be¬ 
comes  effective  for  modes  with  scale  lengths  less  than  the  scale 
sizes  of  the  background  plasma  density  gradients  by  at  least 
two  orders  of  magnitude.  However,  the  applicability  of  our 
model  to  the  case  of  microwave-ionosphere  interaction  needs 
to  be  examined  carefully  because  the  microwave  beam  is 
about  10  km  with  a  propagation  angle  (i.e.,  the  angle  between 
the  axis  of  the  microwave  beam  and  the  magnetic  field)  of,  say, 
45°.  The  inhomogeneity  effect  imposed  by  the  microwave 
t’am,  i.e.,  the  heat  conduction  along  the  magnetic  field, 
cannot  be  neglected  in  this  case.  Therefore,  the  parallel  scale 
length  (2||)  has  a  given  value  of  the  order  of  the  beam  size 
(~10  km)  rather  than  the  scale  size  ( ~  50  km)  of  the  iono¬ 
spheric  density  gradients,  namely. 


Alt  =  L/ cos  0=10  km/cos  45°  ~  14  km 

where  L  and  0  are  the  beam  size  and  the  beam  wave  propaga¬ 
tion  angle,  respectively. 

With  the  inclusion  of  a  nonzero  parallel  wave  number 
(k, |  =  2n//.||),  equation  (2)  is  modified  as  follows: 


where  /.x  and  are  the  perpendicular  and  the  parallel  scale 
lengths  of  the  thermal  filanicntation  instability.  If  the  newly 
added  factor,  [1  +  (fi<fil/y,v1„X/.J.//.||)2],  is  much  greater  than 
unity,  viz.,  (n^2,/v,v,„)(/.J//.11)2  »  1,  then  the  product  of 
(',,/y)(2nc/;.1to(„)i  and  (fi1.fi,/v,t',,,X/.1//.|1)2  can  greatly  exceed 
unity  and  consequently,  the  geomagnetic  field  fluctuations 
may  become  insignificant.  This  situation  occurs  in  the  iono¬ 
spheric  region  where  v,v„  is  rather  small  compared  with 
The  finite  parallel  wave  number  (k(l)  gives  rise  to  a  heat 
conduction  loss  along  the  earth's  magnetic  field  that  intro¬ 
duces  a  new  term  in  equation  (6)  for  the  threshold  condition  of 
the  instability,  that  is. 


me 
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The  third  term  in  the  parentheses  corresponds  to  the  parallel 
heat  conduction  loss.  As  mentioned  before,  2m/M  »k/ v,2/ 
fir2  for  the  excitation  of  modes  with  »  (2M/tn)‘  2nt,/fi,  ~ 
II  m,  for  instance,  for  the  /■'  region  parameters:  = 

16  x  1840,  r,  —  1.3  x  10’  m/s  (i.e.,  T,  —  KMX)  K).  and  fi,/2n  = 
1.4  MHz.  However,  k/iZ/v/  may  be  significantly  larger  than 
2m/Af  for  a  small  v,.  The  threshold  condition  (6  )  in  such  a 
case  is  thus  determined  primarily  by  the  parallel  heat  conduc¬ 
tion  loss  and  it  can  lead  to  a  highly  stringent  condition  for  the 
instability. 

We  examine  the  effects  of  a  finite  parallel  wave  number  on 
the  proposed  mechanism  in  the  ionospheric  V  and  il  regions 
separately.  For  =  14  km  and  the  typical  /•'  region  parame¬ 
ters:  Af(04)/m=  16  x  1840,  t>,  =  1.3  x  10'  m/s  (i.e.,  Tr 
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1CXX)  K),  n,/2it=  1.4  MHz,  uijln  ^  6  MHz,  v,„  =  05  Hz, 
ami  v,  =  500  Hz,  ku  2r,2/v,2  (~  1.36  x  10'2)  is  much  greater 
than  2m/ M  ( —  6.8  x  10  3).  The  parallel  heat  conduction  loss, 
therefore,  enhances  the  threshold  field  by  a  factor  of 
(feu vJvJkM/lm)'12  —  14.2.  The  new  factor  in  (2')  is 

[I  +  (0,01/v,v1.X21/aii)2]  ~  1.34  x  104 

for  ).L  —  500  m.  With  this  large  factor,  (2')  can  be  approxi¬ 
mately  expressed  as 

5n/n0  ^  [1  T  (Qt.Q,/y  v,„X  2  nc/2  „  at,,)  !](<5  B/B0) 

~  1.7  x  106(<5B/B0) 

for  the  estimated  y  =  10" 3  s'1.  The  excited  geomagnetic  field 
fluctuations,  <5 1)  ~  3.0  x  10'3  gammas  for  Sn/nv  -  10%  (cf. 
the  background  geometric  field,  B0  =  5  x  104  gammas  or  0.5 
G),  are  negligibly  small.  We  thus  conclude  that  the  large  heat 
conduction  loss  along  the  geomagnetic  field  inhibits  the  pro¬ 
posed  mechanism  from  producing  significant  geomagnetic 
held  perturbations  in  the  F  region. 

As  shown  below,  the  condition  for  the  instability  is  quite 
different  in  the  E  region  whose  relevant  parameters  arc  taken 
to  be  JW(NO*)/m  =  30  x  1840,  v,  =  4.0  x  104  m/s  (i.c.,  Tt  ~ 
200  K),  ClJ2n  =  1.4  MHz,  iopJ2n  =  3.0  MHz,  vi(t  =  1.0  x  103 
Hz,  and  v„  =  1.0  x  104  Hz.  The  parallel  heat  conduction  loss, 
kn2v,2/vt2  ~  3.8  x  10' 8,  is  drastically  reduced  by  the  large  ef¬ 
fective  electron  collisions  contributed  dominantly  from  the 
electron-neutral  collisions.  The  parallel  heat  conduction  loss  is 
greater  than  the  cross-field  heat  conduction  loss,  k^v,2/ 
fl,!  ~  3.3  x  10' 9  (for  =  500  m)  but  very  much  less  than 
the  collisional  damping  of  the  heat  source  represented  by 
2 m/M  ~  3.6  x  10" 5  in  (6)  and  (6').  The  factor  associated  <virh 
*„  in  (2'),  (f2,fii/v,v1„X/.t/X||)2,  is,  for  instance,  0.1 1  for  z.x  =  500 
m  and  11.00  for  /.x  =  5  km.  These  calculations  show  that  if 
«  1,  the  parallel  heat  conduction  loss  hardly  affects  the 
operation  of  the  proposed  instability  in  the  ionospheric  E 
region.  The  characteristics  of  the  instability,  given  by  (2),  (6), 
and  (7),  remain  nearly  unchanged  except  for  a  new  factor, 
[1  +  (£2^2,/v,v,„Xz.j./z.||)2],  appearing  in  (2‘)  and  the  values  of  v, 
therein  representing  the  effective  electron  collision  frequency 
that  is  approximately  equal  to  the  electron-neutral  collision 
frequency  in  the  F.  region. 

lor  the  excitation  of  modes  with  » (2M/m),l2nv,/Qt  ~ 
4.7  m,  the  threshold  field  of  the  instability  is  mainly  deter¬ 
mined  by  the  collisional  damping  of  the  heat  source;  namely, 
(6)  can  be  written  as 

kW'iK'l  =  0.6(ujo/wp<.)k  Lv,(2m/ M)ui 

Hence,  the  instability  with  scale  lengths  of,  for  instance,  500  m, 
2  km,  and  5  km  requires  the  threshold  fields  to  be  2.5  V/m, 
0.63  V/m,  and  0.25  V/m,  respectively,  which  are  computed 
with  u>0/2n  =  2.45  GHz,  c>rJ2n  =  3  MHz,  M(NO*),/m  =  30 
x  1840,  and  r,  —  4.0  x  104  m/s.  They  arc  significantly  less 
than  the  assumed  incident  microwave  field  intensity  —  300 
V/m  corresponding  approximately  to  a  power  density  of  50 
W/m2  that  is  about  one  fifth  of  the  maximum  intensity  at  the 
beam  center.  The  corresponding  growth  rates  are  0.428  s'1, 
0.474  s\  and  0.50  s'1  and  (.'>»/«„)/(< 5n/n0)  ~  1.06  x  !0'3, 
7.24  x  I0‘ 3,  and  1.12  x  I0~2  for  =  500  m,  2  km,  and  5 
km,  respectively.  As  a  function  of  the  perpendicular  scale 
length  (/.A),  the  threshold  field  (/:,*).  the  growth  rate  (>■),  and 
(i5Bi71„/(<5n/i)0)  arc  plotted  in  Figure  3. 

We  note  in  (2')  that  when  the  factor  [I  +  (Q,fi,/ 
V.„xv;.,,)2]  is  much  greater  than  unity  for  kilometer-scale 
(say,  >5  km)  modes,  (<>/i/0o)/(dn/»io)  reaches  a  constant  value 


of  (yVj./n,f2,XZ||UV/2zic)2  ~  1.2  x  10' 2.  That  is,  5B/B0  is  less 
than  <Sn/n0  by  about  two  orders  of  magnitude  in  the  case  of 
microwave-ionosphere  interaction.  The  earth’s  magnetic  field 
perturbations  can  be  quite  significant  even  when  <5 B/B0  S 
l0'2dn/no,  which  are  associated  with  modes  with  scale  lengths 
less  than  the  beam  size  by  about  one  order  of  magnitude.  For 
example,  SB  =  5.3  and  36.2  gammas  for  /.x  =  500  m  and  2  km, 
respectively,  assuming  that  Sn/n0  =  10%.  They  are  com¬ 
parable  to  the  intensities  (typically,  tens  of  gammas)  of  geo¬ 
magnetic  field  fluctuations  during  magnetospheric  substorms. 

4.  Discussion  and  Conclusions 

In  summary,  our  theoretical  model  originally  developed  for 
a  uniform  medium  has  been  modified  for  application  to  the 
study  of  microwave-ionosphere  interaction.  The  inhomoge- 
neity  effect  of  the  background  plasma  density  on  the  thermal 
instability  considered  by  Perkins  anil  Valeo  [1974]  has  not 
been  generally  treated  in  our  model.  Nevertheless,  the  strin¬ 
gent  inhomogeneity  effect  imposed  by  the  microwave  beam, 
i.e.,  the  heat  conduction  loss  along  the  geomagnetic  field,  has 
been  taken  into  account.  This  effect  enhances  the  threshold 
fields  of  the  instability  and  inhibits  the  operation  of  the  insta¬ 
bility  in  the  F  region  but  not  in  the  E  region. 

Earth’s  magnetic  field  can  be  significantly  perturbed  locally 
by  the  conceptualized  solar  power  satellite  (SPS)  that  trans¬ 
mits  a  microwave  beam  at  2.45  GHz  with  power  density  of 
230  W/m2  at  the  center  of  the  beam.  The  earth’s  magnetic  field 
fluctuations  caused  by  powerful  microwaves  via  the  thermal 
filamentation  instability  arc  a  transient  phenomenon.  This  fact 
can  be  seen  from  equation  (2),  or  generally  equation  (2’),  which 
requires  SB/B0  =  0  when  y  =  0  for  the  equilibrium  condition 
either  before  the  onset  or  after  the  saturation  of  the  instability. 
During  the  linear  stage  of  the  instability  (i.e.,  y  -  a  positive 
constant),  SB/B0  and  Sn/n0  are  related  in  (2')  and  significant 
magnetic  field  fluctuations  can  be  produced.  The  duration  of 
this  transient  phenomenon  may  be  estimated  from  the  growth 
rate  of  the  instability.  If  we  roughly  define  it  to  be  the  period 
for  achieving  the  seven  e  folds  of  magnitude  above  the  thermal 
fluctuation  level,  viz.,  7y'  \  then  it  is  of  the  order  of  20  s. 

The  simultaneous  excitation  of  earth’s  magnetic  field  fluctu¬ 
ations  and  ionospheric  density  irregularities  is  achievable 
within  a  minute  by  the  thermal  filamentation  instability  with 
scale  lengths  exceeding  a  few  hundreds  of  meters.  The  ratio  of 
(6B/B0)  to  ((5 n/n0)  reaches  a  constant  value  of 

(>’vjnAX'.||tv/2nc)2  ~  1.2  x  10' 2 

for  kilometer-scale  modes,  indicating  that  ( SB/B0 )  is  less  than 
(<5 n/n„)  by  about  two  orders  of  magnitude  in  the  microwave- 
ionosphere  interaction  of  interest.  Earth’s  magnetic  field  per¬ 
turbations  with  magnitudes  (~a  few  tens  of  gammas)  com¬ 
parable  to  those  in  the  magnetospheric  substorms  arc  predic¬ 
ted.  It  is  expected  that  such  perturbations  can  affect  the  orbits 
of  charged  particles  to  cause  particle  precipitation  and  airglow 
effects.  Our  present  work  adds  the  earth's  magnetic  field  per¬ 
turbations  as  an  additional  effect  to  those  such  as  ionospheric 
density  irregularities,  plasma  heating,  etc.,  that  should  be  as¬ 
sessed  as  the  possible  environmental  impacts  of  the  conceptu¬ 
alized  solar  power  satellite  program. 
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Lkf  and  Kuo:  Bkii.i  Ri port 


11.047 


Rrn  ri  ncts 

Glaser,  P..  Solar  power  from  satellites.  Phvs.  Today,  30,  30.  1977. 

Gordon.  W.  1;.,  and  L.  M.  Duncan,  lonosphcrc/microwave  beam  in¬ 
teraction  study.  Rep.  DRL  10134V,  William  Marsh  Rice  Univ.. 
Houston.  Tex.,  I97X. 

Gordon,  W.  and  L.  M.  Duncan.  Solar  power  satellites  and  tele¬ 
communications.  Radio  Sii..  IX.  291,  19X3. 

Kuo,  S.  P„  and  M.  C.  Lee.  Earth  magnetic  field  fluctuations  produced 
by  filamcntation  instabilities  of  electromagnetic  heater  waves,  Geo- 
pfiys.  Re s.  Leo..  10. 979,  19X3. 

Lee.  M.  C  ,  and  S.  P.  Kuo.  Excitation  of  magnetostatic  fluctuations  by 
filamcntation  of  whistlers,  J.  Geaphys.  Res.,  89,  2289.  1984. 

Perkins,  F.  W.,  and  M.  V.  Goldman,  Self-focusing  of  radio  waves  in 
an  underdensc  ionosphere,  J.  Geopliys.  Rcs.,86,  600,  1981. 

Perkins,  F.  W„  and  R.  G.  Roble,  Ionospheric  heating  by  radio  waves: 


Predictions  Tor  Arcciho  and  the  satellite  power  station,  J.  Geophys. 
Res  ,  83.  1611,  1978. 

Pctkins,  F.  W.,  and  F..  J.  Valeo,  Thermal  self  focusing  of  electro¬ 
magnetic  waves  in  plasmas,  Pins.  Rev.  Lett..  33,  1234,  1974. 

Rush.  C.  M.,  SPS  simulated  cllccis  of  ionospheric  heating  on  the 
performance  of  telecommunication  systems:  A  review  of  experi¬ 
mental  results.  Space  Sol.  Power  Rev.,  3,  355,  1981. 

S.  P.  Kuo.  Polytechnic  Institute  of  New  York,  Long  Island  Center, 
Farmingdalc.  NY  1  1735. 

M.  C.  Lee,  Regis  College  Research  Center,  235  Wellesley  Street, 
Weston,  MA  02193. 

(Received  June  7,  1984; 
revised  July  23,  1984; 
accepted  August  8,  1984.) 


P  1  7-4 


i  l 

k 

k. 


& 


Mklillooil  inat  ab  1 1  Ity  of  lower  hybrid  wavs* 

\.t.  r..o 

Polytechnic  ImtUutt  of  «rv  York,  Long  l* lend  Cantor* 
Faratnjtdale ,  N.T.  11735,  U.S.A. 

H.C.  taa 

Regis  Collet*  Research  Center,  Weston.  Mass.  02193.  U.S.A. 

ibltnct  ■  We  InveetliJte  :ha  mltitloA  of  a  purely  growing  modulations! 
node  together  eith  two  tower  hybrid  at deband •  by  a  lowar  hybrid  pu»p.  Tha 
condition,  'k^/k^t  *  to  b»  sattafied  for  the  lnstsbll- 

ley.  where  |k  \  la  tha  ratio  of  the  perpendicular  to  the  parallel 

acala  lengths  of  tha  lowar  hybrid  pump.  lha  growth  rata  of  cne  instabil¬ 
ity  la  found  to  be  quite  Urga  for  the  power  densities  emplo>ed  in  tha 
lowat  hybrid  heating  experiments  In  large  tekamaks. 

1.  Introduction 

The  need  of  aupplcmentary  plasma  heatirg  In  magnetic  fusion  ifavtcaa 
has  baen  generally  tecognired  for  achieving  the  operational  temperatures 
for  fusion  power  production.  Among  vtrlOuS  RF  h-rAtlng  schemes,  lower 
hybrid  waves  have  received  much  attention  net  only  for  plasma  besting 
(a.g.  .Forklsb,  192?)  but  also  for  plains  co  tfl.  ement  <e  .g. .  Flsch,  1978) 
purposes.  Tha  «f f ectiveneea  of  these  processes  relies  oo  the  penetration 
of  IF  wave  energy  into  tha  interior  of  the  pU«eas.  Hence,  tha  self- 
eodulatlonal  cffccte  on  the  lower  hybrid  wave  propagation  are  believed 
to  be  important  on  thla  aspect  (e.g..  Morales  *nd  Lee,  I97j).  In  this 
paper,  we  perfom  e  linear  stability  analyses  .(  (he  nodulatlonal  in¬ 
stability  whereby  a  purely  growing  modulations!  mode  together  with  two 
lover  hybrid  eldebenda  are  eacited  by  a  lower  hybrid  puop  wave. 

2 .  CougjkJ  rode  squat  loti 

We  Cvoclder  the  propagation  of  a  lower  hybrid  pump  vsve  «  «  9  cxp( 
l(k  •  r  -  «  t)I  In  a  ucifom,  colllsioniess  plasma  embedded  in  a 

constant  magnetic  field  8  -  aB  .  Here.  ♦  is  the  lower  hybrid  wave 

a  ~°  a  °  5 

field  potential;  k  (•  yk  ♦  ik  >  and  w  ace  respectively,  the  wave 
'  ol  OX  3 

vector  and  the  angular  wave  frequency  of  the  lower  hybrid  pump  that 
aatlaflrs,  the  dlaperaloo  telation:  •  w^ll  *  (M/b)  (k^/k^)*  l**« 

-  -rl/<i  ♦ 

The  parameters,  K/m, 

Masses,  the  loo(electron)  plasma  frequency,  and  the  electron  gyro- 
frequency,  respectively. 

The  process  under  conalderst ion  Is  s  modulatlonal  instability 
whereby  the  lower  hybrid  pump  wsve  (w^.k  )  excites  two  lover  hybrid  side¬ 
bands  (w.Aj)  and  a  purely  growing  modulations,  mode  (u#,k).  This  process 
can  be  described  by  the  following  frequency  aid  wave  vector  matching 

relations:  ».  -  w  •  w  •  w  ♦  v  and  k  •  •  t  k  ,  where  k  //  k  . 

♦  I  O  •  I  -I  «<o  *►  * 

The  lower  hybrid  sidebands  are  excited  through  the  beating  current 
density  driven  by  tha  lower  hybrid  pump  field  on  the  density  pertur¬ 
bations,  -  f»#exp|l(k#  •  r  -  w#t)J  ,  of  the  rero-frequency  modulations], 
•ode. 

Fro*  the  Poisson**  equaticn.  k*  4.  •  4*«(6o^  -  8n##)  •  where  the 
ion  and  electron  density  perturbations  and  4n#1)  aaaoclated  with 

the  lover  hybrid  sidebands  are  given,  respectively,  by  4nJ#  “  (n^a/Mw* 

)v;u. « n.A.HVWv'V1  *n<’  Jv  •  (v/i'!)(l  - 

A*  )k  I»  ♦  (k  /k  )(j  /w.)g  fn  In  ]  ,  the  coupled  ®oda  equation 

01  9  2l  !  01  -l  9  r  )  st  o 

for  tha  lower  hybrid  sidebands  Is  obtained  as 

a 

where  th?  relations  •  v#  have  bean  used. 

The  nonlinear  effects  responsible  for  the  excitation  of  the  purely 
growing  Audulat lot*al  *odc  include  the  nonlinear  beating  current  and  the 
pondermotlv*  force  appearing,  respectively  In  tha  continuity  equation 
and  the  ngvitun  equation.  Under  the  assumption  of  quasi  -neutral  ity , 
the  tou( led  rn.Je  equation  for  the  purely  growing  mode  is  derived  from 
the  continuity  aid  t*e  momentum  equations  of  electrons  and  Ions  and 
has  the  following  {.its 


/a*)**  I*  the  lower  hybrid  resonance  frequency. 


kK'v:i>  *  S'i1'".'".'  * 


4vly) 


k.( 


M. 


*  1  Ml .  .  a 

•  ~Z~  ‘v.  )  *  k. - ( 
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—  -)  ♦  IV - 


(2) 


( 


where  C#  •  l(T#  ♦ 

hwatlny  current  .1»*j 
given,  respect  hr  I  y , 


y/ir 

nit)  n  ' 


<fU  * 

la  the  ton  acoustic  velocity.  The  nonlinear 
and  the  pondaroaetlva  force  f  .  are 


*.  *.v,  •  4  4  ’"..1-  4-\.i. 4 


«,1  a,  l  «s,l-  -e.lo  •e.lo-e.t- 

4;...  ■  ,l..' :  4  ‘J*'.''1.1  ■ <k..-./“..“.>'<44./“’.'- 

•  •  0  or  t,  O) 

-*?  -  ‘;<ko.'k.4> <*> 

•:i,  •  4l,.li(':/-;,-,‘  vv-*H.vk„*1»<4‘,'-v- 

(i) 


4n  -  n  k*  (1  -  k*  n*/k*r‘)(e#  /nfl*) 
co  o  ol  o*  a  ol  J  o  e 


4n  •  •  V*(e*  /«*-*). 
lo  o  o  o  0 


(2) 


With  the  aid  of  (3)  -  (7),  two  things  have  been  noted  from  the  RMS 
of  (2)i  firstly,  the  ion-nonl Inear Ity  terms  are  relatively  Inal gi. If  leant 
compared  to  the  s Jectren-nonllneat ity  terms;  Secondly,  the  nonlinear 
beating  current  affect  Is  partially  cancelled  by  the  ponder 000 tlve  force 
effect.  Therefore,  the  electron-nonlinearity  term  that  r^malos  on  the  RHS 
•f  (2)  Is  •wjkjSv^  ,  contributed  from  the  Indlced  nonlinear  beating 
current  flowing  along  the  imposed  magnetic  field. 

lilBlnatlng  n#  and  #,  from  Equations  (1)  and  (2)  leads  lo  the 
dispersion  rel*t*«»n 

.  ijic;  -  4  “J.” 

•Iv^l1  )  /(i  ♦  <•) 

vhtr.  .  lor  *  purely  ,rovlo,  (1....  *  It),  tl'* 

growth  rate  obr lined  from  (8)  is  given  by 

, .  S(U  I  -  1 4  Hk«/< >(0*  *  v>,,V- 

Ct  )‘‘/(  i  ♦  .  (,> 

Since  y  has  to  be  positive  for  Instability  to  occur.  It  la  clear  from 

(9)  ih.c  (I)  |kJ,/voi  |  <  L.pt  ne  .  (10) 

oaae^y.  lha  rq4 Xo  of  the  perpendicular  to  the  parallel  scale  lengths 
cf  ehe  \fjvtr  hybrid  pump  wsve  has  to  be  lese  than  the  ratio  of  the  Ion 
plasma  frequency  to  the  electron  gyrof requency.  (II)  UJ  >  l«oth(“  ( 


<»l> 


•/•Uni  ♦  uj,)1--  <c,/k0)d  ♦ 

namely,  the  pump  field  Intenaity  represented  by  |70l  hao  to  be  greater 
than  a  threshold  defined  by  {•othl» 

The  growth  rate  has  a  ninlmum  when  k^n’/m*!^  -  (1  -|  *oly,2eo|l 
/(2  -  |70th/«#|*  )  •  I»  thli  optlBUB  case  and  for  a  strong  lower  hybrid 
puap  wave,  (9)  n*.y  b«  expressed  as  • 

4  4  4  WW"  “J) 

which  is  propcrtlonal  to  the  wave  length  of  the  modulations!  instability 


HI. 


and  conclusions 


Tha  condition  and  tha  threshold  power  hava  baan  derived  for  the 
modulitionel  Instability  of  lower  hybrid  vavea  aa  shown,  r tspecc ive ly . 
in  (10)  and  (It).  The  nonlinearity  for  the  exeitatlon  of  purely  growing  _ 
Bodea  la  provid’d  by  the  nonoaclllatory  beating  current  in  the  direction 
of  the  imposed  magnetic  field.  For  the  power  densities  coxno-tly  usad  in 
tha  lower  hybrid  heating  experiments  In  Urge  tokaaaks,  the  growth  rate 
given  in  (12)  fa  found  to  be  quite  Urge  and  it  covers  a  broad  spectruo. 
However ,  It  eheuid  be  stressed  Chat  lha  spatlsl  modulation  vi>  the  lower 
hybrid  pump  wave  as  discussed  here  only  occurs  *r«  tha  caonance  region 


where  the  condition. 


Pi 


/Cl 


,  can  ba  satisfied. 
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AbU  r*ct .  The  ionosphere  *od  the  magnetosphere  say  be  •  1 gnl  f  1  cent  1  y 
K/dllied  by  the  Injected  VIF  wave#  v»a  the  thtrw.  I J  iamental  lor.  instab¬ 
ility  end  the  ucitiUon  of  lower  hybflrf  warn . 

1 .  Introduction 

In  Vlf  wav#  Injection  experiments  performed,  for  example.  at  Slple, 
Antarctica,  (fie  ground-based  transelttcr#  arc  usually  operated  In  a 
pulted-v*ve  mode  with  duration*  of  a  few  second*.  The**  VLF  wave  puleet 
Hsvt  beer.  w*ed  ic  atudy  coherent  wave-particle  interaction*  in  the 
ai|nttot;Scrr  such  a*  the  wave  ao-plif Icatlcn,  the  triggering  of  wave 
aclaalcna,  the  Induced  particle  precipitation  etc.  (ace.  Helllvell. 

1963).  W'e  ■  hew  in  this  paper  that  if  Che  transxltcert  arc  operated 
soot l«uous)y  for  a  few  minute*,  significant  Ionospheric  and  magne tospher ic 
disturbances  car.  be  caused  by  the  f f 1 1  owing  two  processes.  One  la  the 
thermal  t ilaacntsf Ion  of  the  pimp  wave  and  the  other  one  la  the  excita¬ 
tion  of  lower  hybrid  waves. 

2.  Thermal  filament  at lo-  ci  whistler* 

Ho ooch rotat  ic  VLF  wave*  have  beer,  observed  to  change  1  row  linear 
Into  Circular  polarisation  (J.e.,  a  why  .tier  eode)  on  their  path  through 
the  tfutral  atmosphere  and  Into  the  ionosphere.  If  the  punp  waves  are 
Intense  enough,  the  f 1  lamentation  Instability  of  whlatlera  can  be  ex¬ 
cited.  This  instability  yellds  a  vhistltt  sideband  and  *erc- f tequency 
•odea  that  arc  associated  with  the  simultaneous  excitation  of  both 
plane  drr.slty  fluctuation*  fin)  and  magnetic  field  fluctuation*  (68). 

The  aource  ci  these  eagr.etcstat  lc  fluctuations  stem*  f  r  on  th<  wave- 
induced  quaal-PC  electric  current  due  t:  the  electron  F  x  8  drift 
wot  ton  under  tht  Influence  ci  the  dif >e*entlal  Ohmic  hcarlne  force. 

The  plasma  density  fluctuations  (fn)  end  the  magnetostatic  fluctu¬ 
ation*  (68)  arc  found  to  be  related  a* 

.*■/■>.  Ml*  <v</,)(c'/.’<'))(#'/ao)  (I) 

vbtre  f^,  w^,  np,  8^,  >,  and  k  st*.  respectively,  the  electron  plasms 
frequency,  the  electron- loo  collision  fiequcncy,  the  background  plasma 
density,  the  earth's  magnetic  field,  the  growth  rate  of  the  instability, 
•ad  the  scale  length*  of  the  excited  mo<rs.  It  la  clear  from  (1)  that 
significant  mxgr.r  rostat  lc  fluctuations  ire  associated  with  the  excitation 
vf  large  scale  modes. 

Although  tht  whistler  waves  have  a  broad  propagation  regime: 

|0f|  *0-*  l^fK  *b*  excitation  of  the  f llamematlon  Instability  la 

restricted  to  whistlers  with  frequencies  (v#)  satisfying  the  following 
condition: 

l  -  ,V<|nfl  -  vcr‘(.'  .  kV  >-'  -  kVIo.rhlo.l  - 

r‘  «  kV)'1  *  0  (!) 

where  s.^,  |&#f,(jni|),  t.#‘,  and  k  are  thr  angular  electron  plasma 

frequency,  the  slectton  (ion)  gyro frequency,  the  angular  whistler  wave 
frequency,  and  th*  wave  number  of  the  exited  modes,  respectively.  The 
Inequality  (7)  demands  that  w  >  for  the  ixluilon  of  large  scale 

•odes.  Since  |f.’#|«»l.4  KNi  (13. t  Uu)  In  the  Ionospheric  F  region  (in 
the  magnetosphere  n  L  >  *.0),  this  result  indicates  that  the  thermal 
111  ament  at  Ion  of  whistlers  can  occur  in  the  ionosphere  (in  the  magneto¬ 
sphere  at  L  •  4.C)  when  the  wave  frequencies  are  wlrhln  the  frequency 
range:  1.4  KMs  >  w Jl*  »  0.7  KH»  (13.8  fLV.t  >  i#/l*  >  6.8  KHi)  . 

The  threshold  of  this  instability  has  teen  found  to  be 

l  •tih/mc}1^  1.5  w*1  w‘*  (w  -  -  a  -  ab)'1* 

I  ♦  b  -  ab)  (J) 

*iii  «  -  kV(.’  -  (>’>/.  Ir  |.’  .  k  •  .  -  |(i  |)(.’  .  k'  c')  . 

a  a  ce  p  <  p  c  1  e 1  p 

•r’d  v^  Is  the  Ion  the  real  velocity.  The  threshold  field*  thus  calculated 
•  re  of  the  order  of  s  f«v  yv/*  (  *  (ev  «rv/»)  for  axcillng  «mS*i  with 
ten*  of  kilometer*  (ten*  »(  meters)  and  larger  scale*  in  the  magntto- 
•r^N  at  L  *  4.0  (in  the  lcn'>aphe r  ie  F  region),  that  are  acMrvable 
•Mtt’ii  wave  field  Intensities  with  siallable  facilities,  however. 


whistler  wave*  will,  m..ch  higher  intensities  ate  »«HuJ*ed  ic  niut.  the 
•xcJtatlonof  the  theraat  f  1 1  ament  at  Ion  in  the  a.a*:i.rl  phere  . 

TMa  1*  because  the  (touch  tat*  ef  th#  Instablllu  1*  rather  ar.»'l  If 
the  whistler  Wave  fold  Intensities  Ju«l  betel)  ex<rtJ  the  thi.shvld 
fields. 


In  larva  of  th*  threshold  field  ),  the  growth  rate  of  large 
•cel*  mode*  (i.e.,  f  c/*  )  la  given  by 


that  turn*  out  lo  be  Independent  of  the  (calc  lengths  because  a*  shewn 
In  (3).  c  la  proportional  to  k.  If  c  /c  •»  0(1),  ,  Is  of  thr  c:d*r 

„ j  _  j  c  in  ■ 

of  10  Mi  (10  hi)  In  the  magnetosphere  at  L  •  *.0  (in  the  1cnc*p!-rlc 

r  region).  Ihe  Slple  tifr.el*,  propagating  in  the  nun-ducted  vhtat.er 

mode,  have  t  fc/t  f  ^  0(  l )  lr.  the  megne  toepherr  at  L  *  4.0.  Ihe  probability 

fot  *e«lr.g,  the  Slple  signals  in  the  ducted  whistler  mode  ia  about  70-. 

The  growth  rate  can  be  increased  by  iwv  tt*  three  orders  of  magnitude  in 
the  ducted  whistler  propagation.  Therefore,  if  the  Siple  transmitter 
la  ope i a  ted  for  a  few  minutes,  the  thermal  < 1  lamer t «: ion  Instability 
can  e*;if  Jn  the  magnetoaphers  it  L  ■  4.0  the  plasma  densltv  fluctu¬ 
ations  with  scale  lengths  greater  than  tent  of  kilometers.  This  In¬ 
stability  :an  also  be  excited  io  the  Ionospheric  F  region  by  the  MT 
wave*  vltl  frequencies  cloaa  to  but  l«s«  than  the  local  electron  gyri- 
f tcquency. 


3.  Ixcibation  of  lower  hybrid  waves 

Th*  Injected  VLF  waves  can  interact  directly  with  the  ionosphere 
through  the  excitation  of  lower  hybrid  waves  and  a  field-aligned  purely 
growing  mode.  This  instability  can  be  excited  in  a  broad  whistler 

frequency  range  in  two  domains.  They  arc  Domain  If  *.  „  f  l*  (V/a.)  (v : /c 1  >  ( 

,  ,  L  LH  t 

<  *‘0  *  for  the  noo-oselllatory  beating  current  fo  bt  the 

douln*r.t  lomlloaar  effect,  and  Domain  2:  w  <  [f.^[  for  the 

thermal  p. etautc  force  to  b*  the  dominant  nonlinear  effect,  vhaic  ^ 

,  n  uH 

defined  by  *kpJ/0+  i*  the  lower  hybrid  resonance  frequency; 

(w^>,  (f)^| ,  and  (K/m)  are  the  ion  (electron)  plasma  frequency, 
tht  electron  gyrof raquaacy ,  the  electron  thermal  velocity,  and  the  ratio 
^  of  Jon  tq  electron  fcaasaa,  respectively. 

S  Th.e  optimum  tlaeahold  field  for  the  Instability  is  found  to  b- 
1^1.2  (m/eJv^v^J  r,|  **  la  frequency  domain  1  and  0.86(k  *v  */:.* )  (af<  )  [ 

I  4  (I  4  kpVn’AVlWlr^  in  frequency  domain  ?,  where  and  k^ 
are  the  electron-loo  collision  frequency  and  the  wave  r.uaher  of  the 
cxcl(*£  flald-allpiad  mode,  respectively;  n  •  (1  ♦  (M/») (ko/k# ) : 1 / !  I  - 
(K/m)(k^/x4>,(ns/w^),J  ,  where  b^/k^  la  the  ratio  of  the  perpendicular 
to  the  parallel  seal*  lengths  of  the  excited  lower  hybrid  wave*. 

The  growth  rate  of  the  instability  haa  the  following  expression*. 

y~0.3(i  kJv  */n*)(E!  -  1)  for  8*  «<  10  and  r-l.-(.  klv  */:.*>!„  for 
t  »  L  •  r  *  eaten 

t*  »  10,  where  ia  the  ratio  of  the  whistler  field  intensity  ( )  to 

the  optimum  threshold  field  Intensity  (f^)  of  the  Instability.  Since 

6  FJU  in  the  Ionosphere,  the  whistler  wave  frequencies  have  to  be 
greater  than  6  KH i  for  the  excitation  of  lovo  hybrid  waver.  H'e  thres¬ 
hold  field  ha*  been  estimated  lo  be  about  l  mv/v.  1(  0(10),  the  in¬ 

stability  vjlh  dominant  acsle  length*  near  10  meters  can  be  excited  with¬ 
in  a  few  seconds  in  the  ionoaphere,  Iv  contrast,  kl  looeter-sca lr  lower 
hybrid  wave*  can  be  excited  in  the  magnetoaphe r*  at  L  -  4.0  with  much 
lower  threshold  field  a  few  uv/r).  The  growth  rate  1*.  however,  rather 
small  for  non-ducted  whistler  mxJes,  whose  0H>.  VY.ereas,  th*  ducted 
whistler  ode*  cot  excite  the  ln«t*Mllty  with  growth  rate*  as  large  as 
10  *  Hr.  In  other  words,  lower  tnbr:d  waves  can  be  produced  ty  ducted 
whistler  waves  In  the  magr.e t e*phe r e  wlthlr.  a  few  air.utes-  Electron  pi«- 
clpltatlor  la  the  Ionr»rh*rlc  effect*  expected  from  the  excitation  ©f 
lower  hybrid  waves.  Indeed,  airplov  effect*  have  been  observed  In  the 
Russian  Juliana  pregrae .(uhavrev  et  al.,  1976)  to  be  associated  with  the 
VLF  transaitt*!  cycle. 
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ABSTRACT 

Four  invariants  of  the  ray  trajectory  are  derived  for  a  ray  propagating  in  a  horizontally  strat¬ 
ified  ionosphere  under  the  density  perturbation' of  HF  wave-induced  field-aligned  irregularities.  The 
reflection  height  of  the  ray  can  then  be  determined  witli  the  aid  of  those  invariants.  The  results 
show  that  the  reflection  height  of  the  ray  varies  drastically  (namely,  strong  spread  F  echoes)  it;  the 
-presence  of  irregularities  that  polarize  in  the  magnetic  meridian  plane.  By  contrast,  the  reflection 
height  is  hardly  affected  (tamely,  no  spread  F  echoes)  by  those  irregularities  that  polarize  in  the 
direction  perpendicular  to  the  meridian  plane. 


I.  INTRODUCTION  t 

■  •  . ;  ✓  - 
Spread  F  that  refers  to  diffuse  echoes  on  an  ionograms  from  the  Ionospheric  F  region  was  ob¬ 
served  in  the  .ionospheric  heating  experiments  conducted  at  Boulder,  Colorado  (Utlaut,  1971).  This 
ionospheric  phenomenon  is  generally  believed  to  be  caused  by  the  excitation  of  large  scale  (a  few 
hundreds  of  meters  to  kilometers),  field-aligned  ionospheric  irregularities.  However,  spread  F  is  a 
rare  phenomenon  in  the  experiments  at  Arecibo,  Fucrto  Rico  (Shoven  and  Kim,  1978)  and  it  has  not  been 
observed  at  Tronsd,  Norway  since  tiie  new  European  heating  facility  has  been  in  operation  (Stubbe  <*t 
al,  1982).  Evidences,  such  as  radio  star  scintillations  and  the  anomalous  absorption  of  the  diagnos¬ 
tic  waves  through  the  ionos-.d eric  heated  region,  indicate  that  large-scale  ionospheric  irregularities 
have  been  exciLed  by  HE  heater  waves  at  Arecibo  and  Tromsd.  A  lack  of  spread  F  echoes  docs  not  imply 
the  absence  of  heater  wave-induced  ionospheric  irregularities.  This  may  be  due  to  the  difference  in 
the  polarization  directions  of  the  HF  wave-induced  irregularities.  In  general,  field-aligned  irreg¬ 
ularities;  may  have  two  independent  polarization  directions.  One  lies  in  the  meridian  plane  and  the 
other  one  Is  in  the  direction  perpendicular  to  the  meridian  plane.  The  theoretical  results;  of  filamen- 
tetion  instabi  1  : :  y  in  magneto-plasmas  (Kuo  and  Schmidt,  7933)  also  show  that  the  irregularities  ex¬ 
cited  by  t  lie  o -mode  pump  and  by  the  x-mo<le  pump  have  different  polarization  directions.  The  irregu¬ 
larities  excited  by  the  o-i.iode  pur.p  are  field-aligned  and  are  polarized  in  the  direction  perpendicu¬ 
lar  to  the  meridian  plane.  By  contrast,  the  irregularities  excited  by  the  x-node  pump  arc  polarized 
in  the  meridian  plane  and  arc,  in  general,  not  field-aligned.  However,  the  field-aligned  nature  of 
the  irregularities  may  be  established  to  reduce  the  diffusion  damping  along  the  magnetic  field. 

In  the.  present  work,  the  relationship  between  the  spread-F  echoes  and  the  HF  wave-induced  irreg¬ 
ularities  is  studied .  The  primary  purpose  of  this  study  is  to  detcitaiiie  the  effect  of  the  irregular¬ 
ity  polarizations  on  the  spread-F  echo.  In  section  JI,  the  ray  trajectory  equations  are  analyzed  to 
study  the  wave  pronag.it  ion  in  a  horizontally  stratified  ionosphere  under  the  density  perturbation  of 
the  HF  wave.- induced  field-aligned  irregularities.  Ha in  results  are  illustrated  in  Figures.  Conclu¬ 
sions  arc  finally  drawn  in  Section  III. 
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II.  MODEL  AND  ANALYSIS 


Vic  consider  a  horizontally  stratified  ionosphere  having  a  scale  length  L.  Thus,  the  unperturbed 
electron  density  is  represented  by  nQ(x)  -  n0 ( 1 + */L) . . whet e  x  is  the  vertical  coordinate  and  n0-n0(o) 
is  the  electron  density  at  the  reference  plane  x-o  located  at  height  II.  When  f  ield-al  lgned  irregu¬ 
larities  are  present,  the  background  electron  density  distribution  is  pcrtuibed.  Thus,  the  total 
density  is  the  sum  of  the  unperturbed  density  and  the  fluctuating  densities  of  the  irregularities. 

For  those  irregularities  which  are  field-aligned  in  the  magneLic  meridian  plane,  the  total  density 
perturbation  is  simply  expressed  in  a  form  of  diij  sin  kj  (x  cos  d0  +  z  sin  0o)  .where  27i/ki  «=  Ip  is  the 
average  scale  length  ol  the  irregularities,  0o  is  the  magnetic  dip  angle,  and  z  is  the  horizontal 
coordinate  as  shown  in  Fig.  1.  Whereas,  the  density  perturbation  associated  with  the  irregularities 


Fig.'l  Coordinates  used  in  the  analysis. 

.which  are  field-aligned  in  the  direction  perpendicular  to  the  magnetic  meridian  plane  is  modelled  as 
6n2  sin  (kjy +  <0  ,  where  *2  “  Zn/k2  is  the  averaged  scale  length j  y  is  the  coordinate  perpendicular  to 
the  meridian  plane,  and  b  is  the  arbitrary  phase  angle. .-  -In  this  model,  the  total  electron  density 
distribution,  ti(x)  is  then  composed  of  three  components,  viz., 

ti(x)  ”  n  (1+x/L)  +6P,  sin  k.  (x  cos  9  +  z  sin  9  )  +  6n,  sin  (k,y  +  $)  (1) 

o  1  X  O  O  Z  4 


For  simplicity,  the  effect  of  the  geomagnetic  field  on  wave  propagation  will  be  neglected  in  the 
following  analyses.  The  dispersion  relation  for  the  wave  propagation  is  thus  given  by 


2  a.  i2  2 

u  +  k  c 
pe 


(2) 


where  wand  k  are  the  wave  frequency  and  the  wave  number  respectively,  and 


2 

co 

peo 


t  l  +  x/L 


+ 


(5n,/n  )sin  k.  (x  cos  0  +  z  sin  6  )  +  ($q,/n  )sin(ky  +  b)] 

X  O  X  O  O  4  O  4 


(3) 


Since,  in  reality,  the  ior.osodc  antennas  radiate  radio  wave  beams  with  finite  cross  sections  and 
spread  angles,  so  it  is  more  appropriate  to  consider  the  transmitted  pulses  to  be  composed  of  rays 
whose  initial  wave  vectors  and  the.  horizontal  locations  on  the  reference  plane  x  =  o  are  all  differ¬ 
ent,  The  trajectory  of  each  ray  is  then  governed  by  the  following  set  of  characteristic,  eouations 


(7) 


~~  k  "  -  (lu2  /2wL)  1 1  +  (fin,  /n  )  (k  I.  cos  0  )cos  k,  (x  cos  0  +  z  sin  0  )  ] 
at  x  pco  X  o  1  o  1  o  o 

^  ky  “  -  (l‘)peo/2“)(6n2/no)k2COS  (k2y+<l)  (8) 

d  2 

“  -  tan  6q  (ui^eQ/2uL)  (5n^/no>  (k^L  cos  Oq)cos  k^  (x  cos  0q  +  z  sin  0q)  (9) 

where  Eqs.  (5)  and  (8)  form  one  set  of  coupled  equations,  and  Fqs.  (4),  (6),  (7)  and  (9)  form  the 
other  set  of  coupled  equations,  but  these  two  sets  of  equations  do  not  couple  to  each  other.  How¬ 
ever,  those  coupled  equations  can  be  separated  by  the  invariants  of  the  trajectory  derived  as 
follows.  We  first  take  the  ratio  of  (5)  and  (8),  vhich  yields 

'  2k  c2 

_X  »  _  - - 1 -  .  (10) 

y  Vo<6Vno)k2C0S  (k2y  +  *) 

Integrating  this  equation  gives  the  first  invariant  of  the  trajectory 

2  2  2  2  2  2 
(fitu/n  )sin(k„y  +  fi)  +  k  c  /ui  •=  constant  in  time  •=  (fin -/n  )sin(k_y  +  4>)+k  c  /u>  (11) 

2  o  2  y  peo  2  o  2  o  yo  peo 

where  the  subscript  o  represents  the  initial  value. 

We  next  substitute  (9)  into  (7)  to  yield 

—  (k  -  cot  6  k  )  “  -  lu2  /2wL  (12) 

dt  x  o  z  peo 

Integrating  (12)  from  the  initial  height  x  ■=  o  of  the  ray  to  the  new  height  x  at  time  t,  leads  to  the 
second  Invariant  relation 

k  -  cot  0  k  +  (u>  /2wL)t  *=  const,  in  time  k  -  cot  0  k  (13) 

x  o  z  peo  xo  o  zo 

We  now  construct  an  equation  by  first  multiplying  (4)  and  (6)  by  cos  6^  and  sin  6^  respectively, 
and  then  summing  them  up.  The  result  is 

~  (x  cos  6  +  z  sin  8  )  ■  (c2/w)(k  cosQ  +k  sin  0  )  (14) 

dt  o  o  x  o  z  o 

Two  additional  invariants  will  be  derived  as  follows.  From  the  ratio  of  (14)  and  (7),  we  obtain 


d(x  corO  -I  zin  sinG  ) 
o  o 


2,  k  cos 0  +k  sinO 

C  1. _ X  _ o  z  o _ __ _ 

2  1  +  (fin.  /n  )(k,  I.  coso  )  cos  k,  (>.  cosQ  +  z  sin  O  ) 

1  O  1  O  1  o  o 


With  the  aid  of  (13)  and  (14),  (15)  is  integrated  Co  obtain  the  third  invariant 

2  2  2 
x+(tan2o  /2)z  +  (fin, /n  )L(cos  0  /cos  20  )sink  (x  cosQ  +  zsin9  )  +  (c  L/u<  ) 

*  o  Xo  ooxo  o  pco 

2  2 
(k  +tan2o  k  k  )  -  const,  in  time  »  (tan  20  / 2 )  z  +  (fi n, /n  )L(cos  0  /cos  20  ) 
X  o  x  Z  00X0  oo 

r.in(k,r  sin©  )  +  (c2b/oi2  )  (k2  +  tan  20  k  k  ) 

1  o  o  peo  xo  o  xo  zo 


The  fourth  invariant  is  obtained  from  integrating  the  resultant  equation  defined  by  the  ratio  of 
(14)  and  (9).  It  is 


3 


(17) 


(can  2  0  /2)z +(6n./n  )L(sln2(J  /cos  2  0  )sin  k.  (x  cos  0  +  z  sin  g  )  +  (c2L/u2  ) 

o  1  o  o  o  1  o  o  peo 

2  2 
(-k^  +  tan  2  0Q  k^k^)  -  const,  in  time  »  (tan  2 go/2)zq +  (dn^/n^iLfsln  0o/us2oo)sin 

(k,z  sin  0  )  +  (c2L/u2  )(-k2  + tan  2 0  k  k  ) 

1  o  o  peo  zo  o  xo  zo 


However,  the  sum  and  the  difference  of  (16)  and  (17)  give  much  simpler  forms  of  the  invariants. 

x  +  (6n,/n  )L  sin  k  (x  cos  0  +  z  sin  0  )  +  (k2c2I,/u2  )  -  (dn,/n  )t- sin  (k  z  sin  0  )  + 

1  o  1  o  o  peo  1  o  1  o  o 

.2.  .  2,  .  2 

k  (o) c  L/u 

peo 


(18) 


and 


2  2  '22 

x  cos  20  .+  z  sin  20  +  (<5rii/n  )L  sin  k,  (x  cos  0  +  zsin0  )  +  (c  L/u  )  [  (k  -k  )cos  2  0 
o  o  1  o  1  o  o  peo  x  z  o 

+2  k  k  sin  2o  )  ■>  z  sin  2o  +  (6q,/n  )Lsln(k,z  sin  0  ) +  (c2L/u2  )  [  (k2  -  k2  )cos20 

x  z  o  o  o  1  o  1  o  o  peo  1  xo  zo  c 

+  2  k  k  sin  20  ) 
xo  zo  o 


(19) 


We  have  shown  that  the  trajectory  of  each  ray  is  governed  by  four  invariant  relations  (11),  (13), 

(18)  and  (19)  that  are  derived  from  two  sets  of  coupled  differential  equations  (4)-(9).  Hence,  the 
temporal  evolution  of  any  one  of  the  four  variables  x,  z,  k  and  k  ,  and  either  one  of  the  two  vari¬ 
ables  y  and  k  ,  can  be  determined,  with  the  aid  of  these  invariants,  by  the  corresponding  rate  equa¬ 
tions,  viz.,  Equations  (4)-(9).  The  elapsed  time  for  each  ray  traveling  from  the  reference  height  to 
the  reflection  light  can  in  principle  be  determined  by  integrating  (7)  from  k  ** k  q  to  k  *»  o,  with 
the-  prescribed  initial  conditions:  x(o)*=o,  z(o)*=z  ayd  k  (o)  =  k  .  Since  the  3cnsityxper turbation 
fn2  reduced  by  the  irregularities  oriented  in  the  direction 'perpendicular  to  the  magnetic  meridian 
plane  does  not  appear  in  Eq.  (7),  the  reflection  height  of  each  ray  is  thus  not  expected  to  be  modi¬ 
fied  by  the  irregularities  oriented  in  the  direction  perpendicular  to  the  meridian  plane.  However, 
the  density  perturbation  6q^  produced  by  the  irregularities  that  are  oriented  within  the  meridian 
plane  can  affect  the  reflection  height  of  the  ray  as  seen  in  Eq.  (7).  One  way  to  show  this  effect  is 
to  integrate  Eq.  (7)  numerically.  Nevertheless,  the  main  purpose  of  the  present  work  is  to  give  a 
physical  interpretation  of  the  spread-F  echoes,  our  model  will  be  further  simplified  to  minimize  the 
numerical  analyses.  It  is  assumed  that  k  =o  and  the  temporal  variations  of  k  and  z  can  be  neg¬ 
lected.  Therefore,  only  Eq.  (18)  remainsZ?or  further  analysis.  It  becomes 

x  +  sin  (k1xcosOQ  +  ij^)  +  k2c2L/<»pCO  -  sin  ^  +  ^o^^peo  <20> 

where  d,  “  k,z  sinO  . 

’  1  1  o  o 

At  the  reflection  height,  we  have  k  -o  and  x  *■ xr  in  F.q.  (20),  where  is  determined  by  the 
equation 

2  2  2 

+  (<5n,  /n0)L  sin  (kixr  cos  0Q  +  ^  ■»  (6nj_/n0)l*  sin  4^  +  k^c  H/upeo  (21) 

Eqviat ton  (21)  shows  that  the  reflection  height  of  each  ray  varies  with  (1)  its  initial  location  z0 
on  the  reference  plane,  (2)  the  intensity  (6n]/n0)  and  the  averaged  scale  length  (2nk|)  of  the 
Irregularities,  and  (3)  the  magnetic  dip  angle  0p.  Therefore,  if  the  ionosonde.  radiation  beam  is 
modelled  by  many  rays  having  different  initial  locations  on  a  reference  plane,  the  sprcad-F  echo  can 
then  be  interpreted  to  tie  caused  by  the  different  reflection  height  of  each  ray.  The  virtual  height 
spread  is  thus  proportional  to  the.  maximum  difference  of  these  reflection  heights. 

2  2  2 

We  now  employ  the  following  parameters  to  analyze  (21):  I.  =  50km,.Xj  “  lkm  and  kxoc  /upr0  “  1  . 
and  <J  varying  from  o  to  2n  in  (lie  determination  of  the  normalized  maximum  difference  Axrtaax/t.  in 
the  reflection  heights  of  the  rays.  The  calculated  Axrmnx/L  vs  the  magnetic  dip  angle  0o  for 
4nj/'i0‘  -00b,  .01,  and  .05  and  0.1  arc  presented  in  Figs.  2(a)-(d).  Shown  in  Figs.  3(n)-(c)  are 
4xrmax  vs  the  Irregularity  intensity  6ni/n0  for  =  50” ,  68"  and  78°  that  correspond  to  magnetic  dip 
angles  at  Areciho,  boulder  and  Tnnusd,  respectively. 
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III.  DISCUSSION  AND  CONCLUSIONS 


Magnetic  dip  angle  (0),  as  Indicated  In  Figures  2(a)  and  2(b),  can  have  a  significant  effect  on 
the  Ionospheric  echoes  of  ionosonde  signals  when  the  irregularity  Intensity  is  low  (e.g.,  6ni/n0  “ 
0.001).  As  the  Irregularity  Intensity  increases  (e ,g. , /g0  •  0 .01 ,  0.05),  only  moderate  dependence 
of  spread  F  on  0  is  seen  In  Figures  2(c)  and  2(d).  A  nearly  linear  Increasing  of  virtual  height 
spread  with  the  Irregularity  intensity  Is  found  in  Figures  3(a),  3(b),  and  3(c)  for  0  «*  50° ,  68°,  and 
78*  that  are,  respectively,  the  magnetic  dip  angles  at  Arccibo,  Boulder,  and  Troms.i.  These  results 
show  that  spread  F  Is  quite  insensitive  to  the  magnetic  dip  angle,  namely,  that  spread  F  should  not 
depend  upon  the  locations  of  ionosondes.  We  conclude  that  spread  F  echoes  on  the  ionograms  arc  in¬ 
troduced  by  the  irregularities  with  polarization  directions  within  the  meridian  plane  but  not  by 
those  whose  polarization  directions  are  perpendicular  to  the  meridian  plane. 

The  different  occurrence  frequencies  of  artificial  spread  F  noticed  at  Arccibo,  Boulder,  and 
Tromsd  are  most  probably  due  to  the  excitation  of  different  types  of  irregularities.  The  o  mode  and 
x  mode  pump  waves  transmitted  from  the  Boulder  heating  facilities  cannot  be  separated  as  easily  as 
those  from  the  Arccibo  or  the  Tromsd  facilities.  This  fact  can  be  evidenced  by  the  measurements  of 
HF  wave-induced  short-scale  irregularities  at  Boulder  (Fialcr,  1974)  showing  that  x  mode  can  still  ex¬ 
cite  short-scale  irregularities  though  not  as  efficiently  as  o  mode  wave.  The  heater  wave  (either  o 
mode  or  x  mode)  induced  irregularities  at  Tromsd  are  expected  co  be  oriented  in  the  directions  per¬ 
pendicular  to  the  meridian  plane.  This  may  explain  why  spread  F  has  never  been  observed  since  the 
Troms<5  facilities  were  operated  a  few  years  ago.  We  note  that  when  the  heater  is  operated  in  o  mode 
at  Arccibo,  no  spread  F  or  change  of  reflection  heights  can  be  seen  (I,.M,  Duncan,  private  communica¬ 
tion,  1984).  This  agrees  with  the  theoretical  prediction  of  the  generation  of  large-scale  irregular¬ 
ities  by  the  f ilamentation  instability  (Kuo  and  Schmidt,  1983)  and  supports  the  proposed  model  of 
6pread  F  mechanism. 
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ABSTRACT 

Artificial  Ionospheric  disturbances  evidenced  as  fluctuations  in  plasma  density  and  geomagnetic 
field  can  be  caused  by  powerful  radio  waves  with  a  broad  frequency  band  ranging  from  a  few  KHz  to 
several  GHz.  The  f ilamentation  instability  of  radio  waves  can  produce  both  large-scale  plasma 
density  fluctuations  and  large-scale  geomagnetic  field  fluctuations  simultaneously.  The  excitation 
of  this  instability  is  examined  in  the  VLF  wave  injection  experiments,  the  envisioned  MF  ionospheric 
heating  experiments,  che  HF  ionospheric  heating  experiments  and  the  conceptualized  Solar  Power 
Satellite  project.  Significant  geomagnetic  field  fluctuations  with  magnitudes  even  comparable  to 
those  observed  in  magnetosplieric  (sub)storms  can  be  excited  in  all  of  the  cases  investigated. 
Particle  precipitatior.  and  airglow  enhancement  are  expected  to  be  the  concomitant  ionospheric 
effects  associated  with  the  wave-induced  geomagnetic  field  fluctuations. 

I.  INTRODUCTION  ,  .  , 

Manifest  ionospheric  disturbances  may  be  produced  by  powerful  radio  waves  such  as  flucluat ions 
in  ionospheric  density,  plasma  temperature,  and  the  earth’s  magnetic  field  (see  e.g.,  Fejev,  1979; 
Stubbe  et  al.,  1982).  Among  them,  we  single  out  for  discussion  the  excitation  of  ionospheric 
density  irregularities  and  the  geomagnetic  field  fluctuations.  The  interesting  finding  in  our 
theoretical  analyses  is  that  the  geomagnetic  field  fluctuations  may  be  excited  simultaneously  with 
large-scale  field-aligned  ionospheric  irregularities  by  radio  heater  waves.  The  frequencies  of 
radio  heater  waves  may  be  as  low  as  in  the  VLF  band  and  as  nigh  as  in  the  SHE  band. 

Unexpectedly  large  perturbations  in  the  earth's  magnetic  field  (~10.8y)  were  observed  in  the 
Tromsd  HF  ionospheric  heating  experiments  (Stubbe  and  Kopka,  1981;  Kuo  and  Lee,  1983).  Trans¬ 
mitters  operated  at  fiequencies  close  to  but  less  than  the  local  electron  gyrofrequency  ore  ex¬ 
pected  to  cause  both  plasma  density  fluctuations  and  geomagnetic  field  fluctuations  in  the 
ionosphere  if  MF  signals  are  transmitted  or  in  the  magnetosphere  if  VLF  signals  arc  injected,  in¬ 
stead  (Lee  and  Kuo,  1534).  Microwave  transmissions  at  the  conceptualized  power  density  (?30  W/m") 
from  the  Solar  Power  Satellite  (SI’S)  are  also  expected  to  perturb  the  earth's  magnetic  field  sig¬ 
nificantly  in  the  ionosphere  along  the  beam  path.  Our  studies,  therefore,  add  an  additional  cfTect 
to  those  that  should  Le  assessed  as  the  possible  environmental  impact  of  the  SI’S  program. 

Ttie  formulation  of  the  theory  is  first  presented  in  Section  1.  In  the  subsequent  four  sections 
(l.e.,  Sections  1II-V1),  we  discuss  the  excitation  of  the  instability  in  the  VLF  wave  injection 
experiments,  the  envisioned  MF  ionospheric  heating  experiments  , the  Tromsrf  HF  ionospheric  heating 
experiments,  and  the  conceptualized  Solar  Power  Satellite  program,  respectively.  The  conclusions 
arc  finally  drawn  In  Section  V1J  with  a  brief  discussion. 

II.  THEORY 

For  simplicity,  radio  waves  are  assumed  to  be  circularly  polarized  propagating  along  the  earth' 
Magnetic  field.  Tills  is  a  reasonable  assumption  for  the  VLF  wave  injection  experiments  and  the 
Tromsrf  HF  ionospheric  heating  experiments.  As  for  the  microwave  propagation,  the  geomagnetic  field 
Imposes  a  relatively  immaterial  effect.  If  the  positive  z  axis  of  a  rectangular  coordinate  system 
represents  the  wave  propagation  direction  and  is  taken  to  be  parallel  to  the  geomagnetic  field,  the 
monochromatic  radio  wave  with  frequency,  m  ,  and  wave  vector,  kj>  can  be  represented  by  E^O'.t)  “ 

e  (x  1  iy)  exp  (i(k  z  -  w^t)]  +  C.C.  where  the  wave  field  amplitude,  c^,  is  assumed  to  be  a  constant 
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the  i  signs  designate  the  right-hand  and  the  left-hand  circular  polarizations,  respectively. 

Since  the  wave  field  interacts  with  the  charged-particles,  the  plasmas  experience  a  radiation 
pressure  force  (l.e.,  the  nonlinear  l.oreutz  force)  and  a  thermal  pressure  force.  The  latter  force 
results  from  the  eollisional  dissipation  of  wave  energy  in  plasmas.  If  the  wave  fielJ  is  intense 
enough,  a  sideband  mode  (c^)  can  be  excited  together  with  zero-frequency  modes  via  the  f i 1 amentation 

instability,  this  is  similar  to  the  self-focusing  instability  of  a  radio  wave  beam.  This  high- 
frequency  sideband  is  a  quasi-mode,  satisfying  the  Fourier  transform  wave  equation 
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where  £l  =  (-11  cos  kx  +  z  Clz  sin  kx)  exp  (yt)  is  the  wave  field  perturbation  with  the  growth  rate, 
Y,  and  the  f ilnmentation  wave  vector,  k  =  and  represent  the  induced  linear  and  nonlinear 

electric  current  densities.  While  given  by  -en^V^  results  from  the  linear  response  of  electrons 

to  the  sideband  field  (e,J,  J  includes  two  parts,  -en  V  and  -ein"  ,  that  are  nonlinear  beating 

-n  o%M  %.o 

currents  caused  by  the  nonlinear  coupling  between  the  purely  growing  mode  (6n  and  6B)  and  the  in- 

cident  wave  field  (e  ).  The  electron  velocity  perturbations  denoted  by  V  ,  V  ,  and  V„,  have  the 
r  ..  .  .  >0  vO  1  M 

following  expressions: 
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where  j  =  o,  1  represents  the  response  of  electrons  to  the  incident  wave  field  (cq)  and  the  side¬ 
band  field  (e.)  respectively; 

“  A  ft 

V.,  =  -  - - - [  V  x  z  +  i  — V  ]6B  is  the  electron  velocity  perturbation  induced  by 

~M  mc  (w2  -  n2)  “0  '° 

o  e 

the  V  x  6B  Lorentz  force,  where  M,  ft  ,  e,  and  c  have  their  convent- ional  meanings  as  the  electron 

'vO  v  ®  ,  ,  * 

mass,  the  electron  gyrofrequency ,  the  electric  charge,  and.  tjia''  speed  of  light  in  vacuum,  respective¬ 
ly.  Because  of  the  largo  inertia,  the  corresponding  ion  responses  have  been  ignored. 

The  purely  growing  mode  has  the  general  form  of  6P  =  4P  (cos  kx)~exp  (yt),  that  is  associated 
with  the' cxcitat ion  of  both  the  plasma  density  fluctuations  (i.e.,  4P  =  in)  and  the  geomagnetic 
field  fluctuations  (i.e.,  iP  =  z  6B) .  It  is  the  wave-induced  quasi-DC  current  that  gives  rise  to 
the  magnetostatic  fluctuations.  This  can  be  seen  in  the  Maxwell  equation 
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where  6A  Is  the  vector  potential  defined  by  VxdA  =  6 B  and  the  Coulonb  gauge  V*<SA  *  o  has  been 

chosen  in  (2).  The  wave-induced  quasi-DC  current,  6J  -  en  (6V  -  6V  )  ,  and  a  relation  between 

•*-  y  c  y 

in  and  iB  can  be  derived  from  Equation  (2),  the  continuity  equation  and  the  momentum  equation  for 
both  electrons  and  ions.  They  are 
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where  M,  fl,  ,  w  ,  c  ,  v  ,  and  v.  are,  respectively,  the  ion  mass,  the  ion  gyrofrequcncy,  the 
i  pe  s  c  in 

electron  plasma  frequency,  the  ion  acoustic  velocity,  the  electron-ion  collision  frequency,  and  the 
ion-neutral  collision  frequency;  4Tc  is  the  electron  temperature  perturbation  caused  by  the 

eollisional  dissipation  of  the  radio  pump  and  the  excited  sideband;  and  F  is  the  x  component  of 
the  nonlinear  Lorentz  force  ^ 

F  -  raV(V*  •  V,  +  V  •  V*)  +  i—  m  (-  ik  (V*  V  +  V,  V*)  x  z  +  V*  x 

A  e  A.O  -vO  1  W  o  lZ-O  lz  O  <x,0 

[V  x  (V,  x  z))  -  V  x  (V  x  (V*  x  z) ) )  0 
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It  is  seen  from  (3)  that  the  wave-induced  quasi-DC  current  is  primarily  caused  by  the  F  x  B 

drift  motion  of  electrons  under  the  influence  of  the  thermal  pressure  force,  n  (3/Dx)6T  ,  and  the 

o  o 

nonlinear  Lorentz  force,  n0^ex‘  The  electron  temperature  perturbation  (iT^)  obtained  from  the 
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electron  energy  equation  Is  found  to  be 
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where  Q  ■*  2v  n  m  (V*-V,  4  V  •  V*)  is  the  wave  energy  dissipation  rate  in  the  electron  gas  due  to 
e  eo  -o  ~1  -o  -1  ' 

the  differential  Ohmic  loss  of  the  Incident  wave  and  the  excited  sidebands,  and  y  "  y  4  2ve(m/M)  4 

v  kJ  V2/fl2,  wliere  V  is  the  electron  thermal  velocity. 
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Equation  (A)  shows  that  the  simultaneously  excited  6n  and  6B  are  proportional  to  each  other.  In 
all  cases  under  study,  vc»y  and  k2c2>>y2.  Therefore,  Equation  (A)  can  be  reduced  to 

-  [1  +  (—  )]  (f^)  («') 
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indicating  that  if  (v^/y)  (k?c2 /o.J£)  is  much  greater  than  unity,  the  magnetostatic  fluctuations 
(6B/B°)  is  much  leas  than  the  plasma  density  fluctuations  (in/nQ).  It  is  thus  expected  that  signi¬ 
ficant  magnetic  field  fluctuations  are  associated  with  the  excitation  of  large-scale  (i.e.,  small  k) 
modes. 

The  coupled  mode  equation  for  the  purely  growing  mode  that  can  be  obtained  from  (2)  and  (3)  with 
the  aid  of  (5)  has  the  expression  of 

{(y2  -  uV)  [1  +  =  (1  4  ^  )  f  +  m2cf )»  -  ±r  Qe  (6) 

where  f  «  (yv.  4  k2c2  4  2  yk2V2/3y);  v  =  Y  +  v.  ;  u  .  and  V  are  the  ion  plasma  frequency  and  tlie 
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ion  plasma  frequency  and  the  ion  thermal  velocity.  ^  It  should  be  mentioned  that  the  nonlinear 

Lorentz  force  term  (F^)  has  been  neglected  in  (6)  because  it  is  negligibly  small  compared  to  the 

differential  Ohmic  heating  force  term  (Q  ).  Substituting  (A’)  into  (6)  and  eliminating  6n  from 
(1)  and  (6)  yields  the  dispersion  relation 
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P+(P  )  and  q+(q_)  correspond  to  the  right  -  (left  -)  hand  circularly  polarized  wave.  The  thresh¬ 
old  field  (e^^)  of  the  instability  is  determined  from  (7)  by  taking  y  *  0,  namely. 
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Those  characteristics  of  the  instability  arc  discussed  separately  for  different  wave  frequency 
regimes  of  t be  incident  radio  waves  as  follows. 

in.  VLF  VE  INJECTION  EXPERIMENTS 


The  VI. K  signals  transmitted  from  the  Siplc  circular  polarization  (i.c.,  whistler  modes)  on 
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their  paths  through  the  neutral  atmosphere  anti  into  the  ionosphere  (Kintner  ct  al.,  1983).  The 
whistler  waves  are  assumed  to  satisfy  the  cold  plasma  dispersion  relation 


in  the  wave  propagation  regime: 
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Since  the  positive  z  axis  represents  the  wave 


propagation  direction  and  has  been  taken  to  be  parallel  to  the  geomagnetic  field,  0  for 

the  right-  (left-)  hand  circularly  polarized  wave  and  thus 
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Tn  the  upper  atmosphere,  the  electron  plasma  frequency  is  much  greater  than  the  electron  cyclo¬ 
tron  frequency,  viz.,  052  >>  Q2  >  oj2.  Therefore,  P~-05U52  /  (In  |-n)  (052  +  k2c2)  <  0  and 

pe  e  0  o  pe  1  t 1  0  pe 

q  •  -  k2c2  (n2  -  oi 2 ) / 05  In  | oj 2  <  0.  The  positive  RHS  of  (8)  thus  requires  the  factor,  (1  +  P  -  q), 
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to  be  negative,  namely. 
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For  the  excitation  of  large-scale  modes  (i.e.,  u>  >>  k2c2),  the  above  inequality  leads  to  > 

|ne |/2.  Tn  other  words,  the  f ilamentation  instability  of  whistler  waves  that  generate  both  plasma 

density  fluctuations  and  geomagnetic  field  fluctuations  can  only  be  excited  within  the  narrow 
frequency  range:  i  ,  , 

Ine|  >vlne!/2  . ///  Ui> 

Since  |f.’e|~  1.4  MHz  In  the  ionosphere  (e.g.,  the  F  region)  and  |dc|~  13.65  MHz  in  the  magnetosphere 

at  I.  =  4.0,  the  condition  for  the  instability  shown  in  (11)  leads  to  the  following  conclusions.  The 
frequencies  of  VI.K  signals  that  arc  injected  in  the  active  VLF  wave  experiments  typically  range  from 
a  few  KHz  to  a  few  tens  of  KHz  (<30  KHz).  These  signals  are  not  expected  to  cause  ionospheric  dis¬ 
turbances  via  the  f i lamentation  instability.  But  those  with  frequencies  larger  than  6.83  KHz  but 
less  than  13.65  KHz  can  excite  the  instability  In  the  magnetosphere  at  L  =  4.0.  It  is  predicted 
from  (11)  that  ionospheric  distrubances  caused  by  the  f i lamentat ion  instability  of  whistler  waves 
are  possible  if  the  wave  freqsencles  are  less  than  |H  |«*1.4  MHz  bu*  greater  than  |  |  /  2  ~  0 . 7  MHz, 

namely,  whistler  waves  in  the  MF  baud  can  cause  large-scale  ionospheric  density  irregularities  and 
geomagnetic  field  fluctuations  in  the  ionosphere.  Quantitative  analyses  of  these  two  cases  are 
illustrated  as  follows. 


Tne  relevant  magnetospheric  parameters  used  in  this  work  include  |fl  |/2x  =  13.65  KHz  (i.e., 

11  ~  500  y) ,  'j  /2v  =  179  KHz,  T  =  0.4  ev,  and  M(H+)/m  -  1840.  If  the  VLF  wave  frequency  is  10.9 
o  pe  o 

KHz,  i.e.,  u>  /|fl  |  «  O.fi,  the  threshold  field  (r^)  calculated  from  (9)  are  e.g.,  12  uV/515  and 

2  uV/m  for  the  excitation  of  modes  with  scale  lengths  of  10  Km  and  100  Km,  respectively.  These 
threshold  fields  can  be  exceeded  by  the  injected  VLF  waves  from  the  Siplo  station  even  in  the  non- 
ducted"  whist  let*  propag.it  ion  mode.  The  growth  rates  of  the  instability  expressed  in  terms  of  the 
threshold  field  Is  obtained  from  (7)  as 

XV(T  +  £ve  f)  +yw2f 


v  -  u  e  -  w  s  v 

,  .  ,.2  t  x  2  pc  i  0  ,  ?f(  o  t*  )  < 

k  V2« +  k  rr0  <t  -~nri)  'r;1  [  t«t - 

ft  ’  e  ’  0  '  c 1  th  1  c 1  w 


v  u) 

u  '  e  ' 

pc 


This  equation  can  be  easily  solved  for  y  under  the  following  assumptions:  VC>>T>  k  >>Y  vjn* 

.and  m/M  >>  k2  V2/:!2  that  can  he  confirmed.  For  large-scale  modes,  w2  >>  k2c2  (i.e.,  X  >>  1.7  Km), 
t  c  pe 

the  growth  rate  Is  found  to  have  the  following  simple  expression  (~(2v  kV  /|S3  |)  (r  /e  ,).  This 

esc  o  Ih 

growth  rate  turns  out  to  be  independent  of  the  scale  lengths  because  as  shown  in  (9),  «  k.  Al¬ 

though  the  threshold  of  the  Instability  can  be  exceeded  by  the  "no"  ducted"  whistler  mode  in  the 


4 


magnetosphere  at  L  ■  4.0,  the  growth  rate  is  rather  small  (*-10  5  Hz)  if  cc/clh~  0(1)  because,  of  the 

Email  electron-ion  collision  frequency  (*•0.1  llz).  However,  the  c^/e^of  the  "ducted"  whistler  mode 

may  he  increased  by  two  to  three  orders  of  magnitude  though  only  20%  of  the  injected  VLF  waves  are 
found  to  propagate  in  the  "ducted"  whistler  mode  (Carpenter  and  Hiller,  1976).  The  growth  rate  of 

ducted  whistler  waves  can  be  an  high  as  (10  3  -  10  3)  Hz,  namely,  the  instability  can  be  excited  by 
the  ducted  mode  within  a  few  minutes. 

For  modes  with  scale  lengths  >10  Km,  (6n/nQ) (6B/Bq)  from  (4').  Presumably,  a  few  percents  of 

magnetosphcric  density  fluctuations  are  able  to  be  generated.  Then,  a  few  percents  of  geomagnetic 
field  fluctions  in  the  magnetosphere  at  L  =  4.0  is  of  the  order  of  10  y(c.f.  the  background  magnetic 
field—  500  y),  that  may  significantly  affect  the  orbits  of  charged  particles.  The  scintillations  of 
the  Slplo  signals  received  at  Roborval,  Canada  (Irian  et  al  .  ,  1977),  may  be  attributable  to  the 
excitation  of  large-scale  plasma  density  fluctuations  in  the  magnetosphere  by  the  injected  VLF  waves 
via  the  filamentation  instability. 

IV.  ENVISIONED  HF  IONOSPHERIC  HEATING  EXPERIMENTS 


The  ionospheric  heating  facilities  located  at,  for  example,  Arccibrv  (Puerto  Rico),  Boulder 
(Colorado),  and  Trornsv!  (Norway)  are  currently  operated  at  lowest  frequencies  on  the  order  of  3  MHz. 
The  transmission  of  signals  at  frequencies  close  to  the  electron  gyrof requency  (.£  1.4  MHz)  would 
require  a  major  antenna  and  transmitter  change.  In  our  "envisioned"  ME  ionospheric  heating  cxpei i- 
ments,  we  adopt  the  typical  ionospheric  parameters:  |fl^|/2ir  =  1.4  MHz  (i.e.,  Bq=  5  x  1 01*  y),  u  ^/2-  = 


6  MHz,  and  M(0+)/m  =  16  x  1840.  The  threshold  fields  of  the  instability  excited  by  the  incident  MF 
wave  at  -1.12  MHz  (i.e.,  w  /|0  |  «*  0.8)  are  found  from  (9)  to  be  6  mV/m  and  0.4  mV/in  for  the  excita¬ 
tion  of  modes  with  scale  ?eng?hs  of  100  m  and  1  Km,  respectively.  If  we  assume  that  cq  ■  0.3  V/m, 


the  growth  rate  of  the  instability  for  large-scale  modes  (i.e.. 


u>2  >>  k2c2  or  X  >>  50  m)  is  about 

pe 


1  Hz.  Under  the  illumination  of  powerful  MF  radio  waves,  large-scale  ionospheric  disturbances  can 
be  produced  in  seconds. 


It  is  obtained  from  (4')  that  (fin/n  )  s  2.3  (6lj/B  )  (<"•.£.,  X  ■=  1  Km)  for  modes  with  X  >>  50  m. 

°  ' 

The  excitation  of  a  few  percents  of  ionospheric  density  fluctuations  are  accompanied  by  the  con¬ 
comitant  excitation  of  geomagnetic  field  fluctuations  of  the  order  of  500  y,  that  is  comparable  to 
the  perturbation  in  a  severe  magnetosphcric  (sub)storm. 


V.  11F  IONOSPHERIC  HEATING  EXPERIMENTS 


The  HF  radio  waves  transmitted  in  ionospheric  heating  (or  modification)  experiments  have  fre¬ 
quencies  greater  than  the  electron  gyrof  requency  (u3  >>  IF_)  but  less  than  F0F2  in  the  ionosphere. 

Ordinary  (0)  or  extraordinary  (X)  modes  have  been  employed.  At  the  Tronsji  facilities,  these  modes 
can  be  represented  by  two  circularly  polarized  waves  propagating  along  the  geomagnetic  field.  Since 
the  wave  propagation  direction  is  antiparallel  to  the  geonuignet ic  field,  the  X  and  0  modes  correspond 
to  a  left-hand  and  a  right-hand  circularly  polarized  wave,  respectively,  and  satisfy  the  dispersion 


relations: 


1 


u>  ( ui  y  fSll) 
o  o  c 


kV 


(J2) 


where  the  y  signs  denote  the  left-and  right-hand  circularly  polarized  waves,  respectively. 


Near  the  reflection  heights  of  these  pump  waves  (i.e.,  k^  ■*  0),  it  Is  from  (12)  that  <*>  ,  1 

wo(o>o  1  |f(c|).  In  this  case,  P+  given  by  (8a)  approximately  vanish  and  q -lk?c J  (w^f.  |  |  ) /<••*  |  |  from 

(8b).  Expression  (9  )  then  reduces  to 

C  .  if!  1.7  .  i vf 

|iL_SJh  |  2  .  0.7S  — 2 — I — I — £-L? —  k?v:  (2  -m  +  *k— I  )  (13) 

I  me  I 


(4  -  q,) 


<2  M +  •; 


where  q+  (q  )  is  for  the  right-  (left-)  hand  circularly  polarized  wave.  While  the  factor,  (4-q+), 
is  positive,  a  positive  (4  -  q  )  requires  that  q_<  4,  viz.,  X  >  (xC/u^)  l  (i>>0+  I  f!t,  I  )  / 1  fie  I  1  **  ('4) 
that  can  thus  ensure  the  positive  RHS  of  (13).  If  we  take  |fl^|/2x  1,4  MHz,  V^  "  1.3  x  10  m/scc, 

M(0’')/m  -  16  x  1840,  /2n  *=  4.04  MHz,  the  scale  lengLh:.  of  the  modes  that  are  excited  by  the  X  node 

Cannot  he  less  than  70  meters  according  to  (14).  By  contrast  no  minimum  scale  length  is  found  iu 
the  cose  of  0  modi-  heating. 
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The  threshold  fields  of  ki U»;ro ter-scale  instability  excited  by  either  X  or  0  mode  are  a  few 
mV/n  calculated  from  (13)  that  are  quite  small  compared  with  the  incident  power  densities  ('-l  V/m)  of 
the  Trouts^  signals.  Although  the  growth  rate  of  the  instability  is  generally  a  function  of  scale 
Jcnpths,  it  has  an  asymptotic  value  found  to  be 


-v 2. 5  X  10 


v  a re 
i  o  e  o  o 

fl2(w  -  111  l> 

e  o  *  e 


3. A  x  10  Hz  for  x  -  mode  Heating 


-*<3.0  x  10  2  Hz  for  0  -  m  >de  heating 

when  the  scale  lengths  exceed  r.  few  hundreds  of  meters.  It  thus  takes  a  few  minutes  for  the  in¬ 
stability  to  be  excited  in  agreement  with  tbe  observations  that  IIP  wave-induced  geomagnetic  field 
fluctuations  needs  a  few  minutes  for  development  (Stubbe  and  Kopka,  1981).  Substituting  =  500  Hz, 

Y  =  3. A  x  10  2 Hz ,  X  =  1  Km,  u  /2n  =  3. A  MHz  and  B  =  5  x  104  y  into  (A),  we  have  6B  =  A. A  x  102  ( 

pe  o 

tn/n^)  =  (A. A  -  AA)  y  for  (6n/n^)  =  (1  -  10)1!  also  in  agreement  with  the  Stubbe  and  Kopka's  experi¬ 
ments. 

VI.  CONCEPTUALIZED  SOLAR  POWER  SATELLITE  (SPS)  PROJECT 

The  conversion  of  solar  energy  into  microwaves  is  the  basic  idea  behind  the  conceptualized 
Solar  Power  Satellite  (SPS)  project.  The  microwave  energy  would  be  transmitted  from  the  satellite  to 
the  surface  of  the  earth  at  a  frequency  of  2.A5  GHz,  that  is  much  greater  than  the  electron  gyro- 
frequency  (Jk  |).  The  cross  section  of  the  microwave  beam  has  been  estimated  to  have  a  linear 

dimension  of  10  Km  in  the  ionosphere,  and  the  incident  power  density  at  the  center  of  the  beam  would 
be  as  high  as  230  W/m2  (i.e.,  the  wave  field  intensity  is  about  6A0  V/m). 

The  formulation  outlined  above  for  the  excitation  of  both  plasma  density  fluctuations  and  geo¬ 
magnetic  field  fluctuations  can  be  also  applied  to  the  case  of  SPS  project  after  some  modifications. 
First  of  all,  the  microwave  beam  does  not  necessarily  propagate  along  the  geomagnetic  field.'  Ther- 
fore,  the  positive  z  axis  taken  as  the  wave  propagation  di  rect ion  is  generally  not  in  the  direction 
of  the  geomagnetic  field  in  this  case.  The  polarization  of  t*be  microwave  is  assumed  to  be  within 
a  meridian  plane  (i.e.,  the  assumption  of  an  ordinary  mode)  •  fot'^eff  iciently  excitingthe  field-align¬ 
ed  modes.  Hence,  the  geomagnetic  field  perturbations  (6B)  are  still  in  the  direction  of  the  back¬ 
ground  earth's  magnetic  field. 

Since  w  >>  Ifl  I,  we  then  have  P.  -  l  from  (8a)  and  q  <x>  Izom  (8b)  by  taking  |f!  |*0  (i.e., 

0  '  G  I  I  G 

equivalent  to  an  unmagnetizod  plasma  case).  Tbe  threshold  field  given  by  (9)then  reduces  to 

I^C  .12  to*  V* 

\— —  =  0.38  —  k2V2  (2j+k2-).  (15) 

■me  1  M  n2 

pe  e 

Using  Uo/2it  =  2. AS  GHz,  ule/2ir  =  6  MHz,  V  t  =  1.3  x  10s  m/sec,  ]  12^  |  /2  n  =  l.A  MHz,  and  m/M(0+)  =  3.  Ax'.O  5 
in  (15),  we  ohtaln  c  =  2.S9xl03/X.  For  instance,  2.89  V/m  (  2.89  V/m)  for  the  excitation  of  the 
modes  with  a  scale  length  of  100  m  (1  Km).  The  growth  rate  derived  from  (7)  has  the  approximate  form 


„  ,m  w 
2v  (--  c„  0 
e  N  s - 


e  2 
-?_) 
Cth 


In  spite  that  the  power  density  of  the  microwave  beam  is  not  uniform,  we  assume  a  constant  value  of 
20  W/m2  (~  60  V/m),  that  Is  about  one  tenth  of  the  maximum  intensity  at  the  beam  center,  for  the 
calculation  of  the  growth  rate.  Then, if  v^  Is  taken  to  be  500  Hz,  y~  5  Hz  for  theexcitat ion  of  one 

kilometer  scale  modes,  namely,  it  takes  a  few  seconds  for  the  filamentatlon  instability  of  micro¬ 
waves  to  be  excited. 

The  percentage  of  the  geomagnetic  field  fluctuations  is  estimated  from  (A’;  as  (iB/B^)  z  0.A 
( 4n/n  ),  that  has  a  comparable  magnitude  to  that  of  ionospheric  density  fluctuations.  For  the  IX  of 
(in/n  ),  the  geomagnetic  field  f  luctuations  (All)  can  be  ns  large  as  200  y.  Such  large  geomagnetic 

field  fluctuations  arc  expected  to  significantly  perturb  the  orbits  of  charged  particles  and,  con¬ 
sequently,  to  cause  particle  precipitation  and  airglow  effects.  These  ionospheric  effects  intro¬ 
duced  by  the  powerful  microwave  beams  should  be  taken  into  account  in  the  evaluation  of  environ¬ 
mental  impacts  ef  the  conceptualized  Solar  Power  Satellite  program* 


VII.  CONCLUSION  AND  DISCUSSION 
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Ionospheric  end  map.net ospher ic  disturbances  evidenced  as  fluctuations  in  plasma  density  and 
geomagnetic  field  can  be  generated  by  powerful  radio  waves  with  frequencies  as  low  as  a  few  Kll7.  and 
as  high  as  several  GHz.  Depending  on  the  incident  power  density  of  radio  waves,  ionospheric  (or 
magnetospheric)  plasma  density  fluctuations  and  geomagnetic  field  f 1  net uat ions  can  be  excited  simul¬ 
taneously  by  the  f i  1  amenta 1 1  on  instability  of  radio  waves  within  a  few  seconds  or  minutes.  Tills 
instability  typically  lias  kilometric  scale  lengths  in  the  ionosphere  and  tens  of  kilomotric  scale 
lengths  in  the  magnetosphere. 

Radio  waves  wita  frequencies  less  than  the  electron  gyrof requency  may  propagate  in  a  whistler 
mode.  The  excitation  of  the  fi lamentation  instability  is  only  possible  for  those  with  frequencies 
greater  than  half  the  local  electron  gyrof requency .  This  criterion  for  the  instability  leads  to 
the  conclusions  that  the  injected  VI. F  signals  can  produce  magnetospheric  rather  than  ionospheric 
disturbances.  It  is,  however,  predicted  that  ionospheric  disturbances  can  be  induced  by  UK  signals  ' 
whose  frequencies  are  less  than  1.4  MHz  but  larger  than  0.7  MHz. 

In  the  HF  ionospheric  heating,  experiments  (sc  >>  ft7),  both  the  ordinary  and  the  extraordinary 
modes  have  been  used.  The  scale  lengths  of  the  instability  are  found  to  have  a  cut-off  in  the  case  o 
extraordinary  wave  heating.  The  microwave  beams  that  are  transmitted  from  the  conceptualized  Solar 
Power  Satellite  to  the  surface  of  the  earth  are  also  expreved  to  cause  large  ionospheric  disturbances 
in  their  ordinary  mode  propagation.  The  geomagnetic  field  fluctuations  caused  by  the  f ilamentat ion 
instability  of  radio  waves  are  very  significant  in  all  of  the  cases  discussed  in  this  paper.  Their 
magnitudes  may  even  become  comparable  to  those  seen  in  the  magnetospheric  (sub)storms. 

It  is  interesting  to  note  from  (9)  that  the  threshold  field  of  the  instability  is  inversely 
proportional  to  the  electron  plasma  frequency.  Therefore,  ionospheric  disturbances  excited  by 
radio  waves  should  be  most  noticeable  in  the  F  region.  Finally,  it  should  be  pointed  out  that  the 
nonlinearity  for  the  mode  coupling  is  dominantly  provided  by  the  thermal  pressure  force  due  to  the 
collisional  dissipation  of  the  pump  wave  field  and  the  excited  high-frequency  sideband  field  in  the 
electron  gas.  To  emphasize  this  outstanding  feature,  the  instability  may  be  adequately  termed  the 
thermal  f ilamentat ion  instability  of  radio  waves. 
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ABSTRACT 

Four  invariants  of  the  ray  trajectory  are  found  for  a  ray  propagating  in 

a  horizontally  stratified  ionosphere  under  the  density  perturbation  of  11F  wave- 

induced  field-aligned  irregularities.  The / ref] action  height  of  the  ray  can  then 

.  '.s  '  ' 

be  determined  with  the  aid  of  those  invariants.  The  results  show  that  the  re¬ 
flection  height  of  the  ray  varies  drastically  (namely,  strong  spread  F  echoes) 
in  the  presence  of  irregularities  that  polarize  in  the  magnetic  meridian  plane. 
By  contrast,  the  reflection  height  is  not  affected  (namely,  no  spread  F  echoes) 
by  those  irregularities  that  polarize  in  the  direction  perpendicular  to  the  mer¬ 
idian  plane.  Spread  F  is  quite  insensitive  to  the  magnetic  dip  angle  0  in  the 
region  from  20°  to  70°.  The  dependence  of  spread  F  on  the  scale  length  of  the. 
irregularity  has  also  been  examined  for  t:ho  case  0  =50°.  it  is  found  that 
spread  F  is  not  caused  by  irregularity  witli  scale  length  less  than  about  300 


maters 


I.  INTRODUCTION 


Spread  V  that:  refers  to  diffuse  echoes  on  an  ionogrnm  from  the  iono¬ 
spheric  F  region  vans  observed  in  the  ionospheric  heating  experiments  conducted 
at  boulder,  Colorado  [Utlaut,  1971].  This  ionospheric  phenomenon  is  generally 
believed  to  be  caused  by  the  excitation  of  large  scale  (a  few  hundreds  of  meLcrs 
to  ki ] ometers) ,  field-aligned  ionospheric  irregularities.  However,  spread  F  is 
a  rare  phenomenon  in  the  experiments  at  Arecibo,  Puerto  Rico  [Showen  and  Kim, 

1978]  and  it  has  not  been  observed  at  Troms^,  Norway  since  the  new  European 
heating  facility  has  been  in  operation  [Stubbe  et  at,  1982],  Evidences,  such 
as  radio  star  scintillations  and  the  anomalous  absorption  of  the  diagnostic  waves 
through  the  ionospheric  heated  region,  indicate  that  large-scale  ionospheric  ir¬ 
regularities  have  been  excited  by  HE  heater  waves  at  Arecibo  and  Troms^.  Hence, 
a  lack  of  spread  F  echoes  does  not  imply  the  absence  of  heater  wave-induc.ed  iono¬ 
spheric  irregularities.  This  may  be  due  to  the  difference  in  the  polari zatien 
directions  of  the  HF  wave-induced  irregularities.  In  general,  field-al igned  ir¬ 
regularities  can  have  two  independent  polarization  directions.  One  lies  in  the 
meridian  plane  and  the  other  one  is  in  the  direction  perpendicular  to  the  meridian 
plane.  The  theoretical  results  of  filamontation  instability  in  magneto- plasmas 
[Kuo  and  Schmidt,  .1983]  also  show  that  the* ■'irregularities  excited  by  the  o-m  >de 
pump  and  by  the  x-mode  pump  have  different  polarization  directions.  The  irregu¬ 
larities  excited  by  the  o-mode  pump  are  field-aligned  and  are  polarized  in  the 
direction  perpendicular  to  the  meridian  plane,  by  contrast,  the  irregularities 
excited  by  the  x-mode  pump  are  polarized  in  the  meridian  plane  and  arc,  in  gen¬ 
eral,  not  field-aligned.  However,  the  field-aligned  nature  of  the  irregularities 
may  be  established  to  reduce  the  diffusion  damping  along  the  magnetic  field. 

fn  the  present  work,  the  relationship  between  the  sprend-F  echoes  and  the 
11F  vave-inducod  irregularities  is  studied..  The  primary  purpose  of  this  study  is 
to  determine  the  effects  of  the  irregularity  polarizations,  scale  length,  and 
the  magnetic  dipangle  on  the  spread  F-echo.  In  section  II,  the  ray  trajectory 
equations  arc  analyzed  to  study  the  wave  propagation  in  a  horizontally  stratified 
ionosphere,  under  the  density  perturbation  of  the  IIF  wave-induced  field-aligned 
irregularities.  Four  invariants  of  the  ray  trajectory  arc.  found.  Main  results 
arc  illustrated  in  Figures.  Conclusions  are  finally  drawn  in  Section  III. 
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II.  MODEL  AND  ANALYSIS 


We  consider  a  horizontally  stratified  ionosphere  having  a  scale;  length  L. 

Thus,  the  unperturbed  electron  density  is  represented  by  n  (x)  =  n  (J  l  x/].),  where 

x  is  the  vertical  coordinate  and  n  -n  (o)  is  the  electron  density  hi  the  refer- 

o  o 

onci;  plane  x-o  located  at  height  II.  When  field-aligned  irregularities  are  pre¬ 
sent,  the  background  electron  density  distribution  is  perturbed.  Thus,  the  total, 
density  is  the  sum  of  the  unperturbed  density  and  the  fluctuating  densities  of 
the.  irregularities.  Tor  those  irregularities  which  are  field-aligned  in  the 
magnetic  meridian  plane,  the  total  density  perturbation  is  simply  expressed  in 
a  form  of  6n^  idnk^(x  cosG^  +  z  sinOQ),  where  2ir/k^  =  X^  is  the  average  scale  length 
of  the  irregularities,  0^  is  the  magnetic  dip  angle,  and  z  is  the  horizontal 
coordinate  as  shown  in  Fig.  1.  Whereas,  the  density  perturbation  associated  with 
the  irregularities  which  are  field-aligned  in  the  direction  perpendicular  to  the 
magnetic  meridian  plane  is  modelled  as  sin  (1-  y  +  <}>) ,  where.  =  2ii /k^  is  the 
averaged  scale  length,  y  is  the  coordinate  perpendicular  to  the  meridian  plane, 
and  <J.  is  the  arbitrary  phase  angle.  In  this  model,  the  total  electron  density 
distribution,  n(x)  is  then  composed  of  three  components,  vis., 


n(x,z)=n  (J  -f  x/L)  -F  6n,  sin  1;  (x  cos  0 .  T  z /sin  0  )  +  Sn  s  in  (k.,y  +  <|>)  (1) 

O  11  OJ-  '  O  z  z 

*  f  .  • 

For  simplicity,  the  effect  of  the  geomagnetic  field  on  wave  propagation  will 
he  neglected  in  the  following  analyses.  The  dispersion  relation  for  the  wave 
propagation  i s  thus  given  by 

ii)  =  iii  +  k  c  (.2) 

pc 


where  w  and  k  are  the  wave  frequency  and  the  wave  number  respectively,  and 


2  2 

to  -  to'  [1+x/li-l  (5n./n  ).*:in  k,  (x  cos  0  I  z  sin  0  ) -I  (An„/n  )sin(k„y  +  <}>)  ] 
pe  peo  io  1  o  o  Z  o  z  . 


(3) 


Since,  in  reality,  the  ionosondc  antennas  radiate  radio  wave  beams  with  finite 
cross  sections  and  spread  angles,  so  it  is  more  appropriate  to  consider  the  trans¬ 
mitted  pulses  to  be  composed  of  rays  wltose  initial  wave  vectors  and  the  horizontal 
locations  on  the  reference  plane  x *= o  are  all  different.  The  trajectory  of  each 
ray  is  then  governed  by  the.  following  sc.t  of  characteristic  equations: 


*fe 


*> 


(7) 


k^  =  -  (uj^go/2u>L)  [  1  +  (fin^/ri^)  (kjL  cos  0^)cos  k^  (x  cos  0^  4*  z  sin  0^)1 
^  ky  =  "  (Vo/2“)(5n2/"o)k2  C0S  (k2yH‘  V 

—  k  =  -  tanO  (w2  /2toL)  (An  /n  )(k,L  cos  0  )cok  k,  (x  cos  0  +z  sin  0  ) 
dt  z  o  peo  1  o  1  o  1  o  o 


(8) 

(9) 


where  Eqs.  (5)  and  (8)  form  one  set  of  coupled  equations,  and  Eqs.  (4),  (6), 

(7)  and  (9)  form  the  other  set  of  coupled  equations,  but  these  two  sets  of 
equations  do  not  couple  to  eacli  ether.  However,  those  coupled  equations  can  be 
separated  by  the  invariants  of  the  trajectory  derived  as  follows,  -We  first  take 
the  ratio  of  (5)  and  (8),  which  yields  ///  ■, 


2k  c2 

y 


"  „„<6no/,Oko 
peo  2  o  2 


cos  (k^y  +  >J>) 


(10) 


Integrating  this  equation  gives  the  first  invariant  of  the  trajectory 


2  2  2 

(6n„/n  )sin(k„y  +  <*>)  +  k  c  /w  ~  constant  in  time 
2  o  2  y  peo 


(6n2/nQ)sin(k2yo  +  <f>) 


.  .  2  2.2 
+  k  c  /u) 
yo  peo 


(ID 


where  the  subscript  o  represents  the  initial  value. 
We  next  substitute  (9)  into  (7)  to  yield 


~~r  (k  -cot  G  k  )  -  -  u)2  /2wl, 


(12) 


Integrating  (12)  from  the  initial  height  x  =  o  of  the  ray  to  Lite  new  height  x 
at  time  t,  lead;:  to  the  second  invariant  relation 


k  -  cot  Ok  +  (w  '  /2wL)t  =»  const,  in  timc=k  -  cot  0  k  ■ 
x  o  z  peo  xo  o  zo 


(13) 


We  now  construct  an  equation  by  first  multiplying  (4)  and  (6)  by  cosO 


and  sin  0^  respectively,  and  then  summing  them  up.  The  result  is 


(x  cos  0  +z  sin  0  )  -  (c.2/w)  (k  cos  6  +  k  sin  0  ) 
dt  o  o'  x  o  z  o 


U4) 


Two  additional  invariants  will  be  derived  as  follows.  From  the  ratio  of  (14) 
and  (7),  we  obtain 


d(x  cos  0  T  z  sin  0  ) 
o  o 


2c2L 


k  cosO  +k  sin  0 
x  o  z  o 


d  k 


2  1  H-  (6n,  /n  )  (k,L  cos9  )cos  k.  (x  cos  0  +z  sin  0  ) 

Jpeo  1  o  1  o  1  o  o 

(15) 


With  the  aid  of  (13),  (14)  and  (4),  (15)  j^htegrated  to  obtain  the  third 


invariant 


x  -I  (tan  2  0  /2)zH  (6n./n  )L(cos '0  /cos  20)  sink,  (x  cos  0  H-  v.  sin  0  )  + 
o  lo  ooJ  o  o 


(c2L/oj2  )(k/  +  tan2  0  k  lc  )=const.  in  time  ~  (tan  20  /2)z  +  (6n./n  ) 
peo  x  oxz  ooio 


(cos20  /cos20  >'.in(k1zo  sinG^  +  (A/w2)  (k^  +  tan  2  0q  k^k^) 


(16) 


The  fourth  invariant  is  obtained  from  integrating  the  resultant  equation  defined 
by  tbe  ratio  of  (14)  and  (9).  It  is 


(ton  2  0o/2)z  -t-  (6'n /nQ)L(sin  0^/ cos  2  O^sin  k^  (x  cos  0^  +  z  sin  0^ 


in  0J  +  (c2L/  u2eo) 


9  7 

(-K  +  tan  2  0  k  k  )=  const,  in  time  =  (tan  20  /2)z  +  (6n  /n  )L(sin ‘0  /cos  20  )sin 
z  oxz  oolo  O  O 


(k  v.  sin  0  )  H-  (c2 L/oj2  )  (-k2  +  tan  2  0k  k  ) 
1  o  o  peo  zo  o  xo  zo 


(17) 


However,  (16)  amt  (17)  can  be  rearranged  to  reduce  to  much  simpler  forms.  We 
first  take  the  difference  of  (16)  and  (17)  to  yield 

2  ?  2 

x  +  (6n../n  )I,  sin  k,  (x  cos  0  +  z  sin  0  )  +  (kc'h/w  ) 

1  o  1  o  o  peo 

0 

2  2  2 

=  (6n,/n  )L;;in(k,z  sin  0  )  +  k  c  b/w 

1  o  1  o  o  o  peo 

2  2 

where  k  =  k(o).  We  next  multiply  (16)  by  sin  0  and  (17)  by  cos  0  and  then 
o  o  o 

take  their  difference.  The  result  is 

2  2  2 

x  -  z  cot  0  +  (c  L/u  )  (k  -  k  cot  0  )  =  -z  cot  0 
o  peo  x  z  o  o  o 

(] 

+  (c2L/w2  )  (k  -k  cot  0  )2 

peo  xo  zo  o 


We  have  shown  that  the  trajectory  of  each  ray  is  governed  by  four  invariant  re¬ 
lations  (11),  (13),  (18)  and  (19)  that  are  derived  from  two  sets  of  coupled 
differential  equations  (4)-(9).  Hence,  the  temporal  evolution  of  any  one  of  the 

four  variables  x,z,k  and  k  ,  and  either  one  of  the  two  variables  y  and  k  ,  can 

x  z  ,  .  y 

be  determined,  with  the  aid  of  these  invariant's f ' by  the  corresponding  rate  equa¬ 
tions,  viz.,  equations  (4)~(9).  The  elapsed  time  for  each  ray  traveling  from  the 
reference  height  to  the  reflection  height  can  in  principle  be  determined  by  in¬ 
tegrating  (7)  from  kx=k^o  to  kx=o,  wi  th  the  prescribed  initial  conditions: 
x(o)=o,  z(o)=z  and  k  (o)  =k  .  Since  the  density  perturbation  Sn„  produced  by 
the  irregularities  oriented  in  the  direction  perpendicular  to  the  magnetic  meridian 
plane  does  not  appear  in  Eq.  (7),  the  reflection  height  of  each  ray  is  thus  not 
expected  to  be  modified  by  the  irregularities  oriented  in  the  direction  perpen¬ 
dicular  to  the  meridian  plane.  However,  the  density  perturbation  6n^  produced 
by  the  irregularities  that  are  oriented  within  the  meridian  plane  can  affect  the 
reflection  height  of  the  ray  as  seen  in  Eq.  (7).  One  way  to  show  this  effect  is 
to  integrate  Eq.  (7)  numerically.  This  equation  can  be  integrated  with  the  aid  of 
the  invariant  relations  (13),  (18)  and  (39).  T f  we  assume  that  each  ray  of  the 
antenna  radiation  beam  has  a  straight  trajectory  from  the  ionosonde  to 
the  .reference  plane  as  shown  in  Fig,  1,  t3ien  the  initial  conditions  for 
ray  trajectory  starting  from  the  reference  plane  can  be  defined  as 
x  -  x  ,  k  =  k  11/ (II2  +  zV/2,  and  k  =  k  z  (I! 2  +  z2)^2,  where  z  is 
a  free  parameter  characterizing  the  ray.  By  varying  z^  within  the 
cross  sectional  range  of  the  beam,  a  set  of  trajectories  for  the  rays  of  the 


beam  can  be  determined.  However,  not:  all  the  rays  can  be  reflected  back  to 

the  ionosonde.  Only  the  rays  which  can  return  to  the  ionosondc  are  responsible 

for  the  observed  diffuse  echoes  on  the  ionogram,  ancj  hence  the  intensity  of 

spread  F  is  proportional  to  the  maximum  difference  of  the  reflection  heights 

of  those  rays.  The  boundary  conditions  at  x  = 0  for  a  downgoing  ray  which  can 

propagate  straightly  from  the  reference  plane  back  to  the  ionosondc  are  defined 

to  be  k  -  ~  k  and  k  ~  -  k  z  /  (H^  +  z^)  ^  ^  where  z,  is  the  z 

x  o  f  zof  f  *  f 

coordinate  of  the  ray  on  the  reference  plane.  Those  conditions  can  be  satis- 

S 

fied  only  by  rays  with  appropriate  z^.  In  other  words,  the  conditions  at  x = 0 
for  the  upgoing  rays  which  can  be  received  later  by  the  ionosonde  can  not  be 
predefined.  Instead,  and  z^  have  to  be  determined  simultaneously. 

Presented  in  Fig.  2  are  the  two  distinctive  trajectories  for  two  different 
groups  of  rays  in  the  beam.  The  rays  which  follow  these  trajectories  can  re¬ 
turn  to  the  ionosonde.  It  is  shown  that  if  the  ionosonde  trasmitting  beam  is 
modelled  by  many  rays  having  different  initial  locations  on  a  reference  plane, 
the  spread  F  echoes  can  indeed  be  interpreted  to  be  caused  by  the  difference 
in  the  reflection  heights  of  the  returned  signals.  The  virtual  height  spread 
is  thus  proportional  to  the  maximum  difference  of  these  reflection  heights. 

1  /  S 

We  now  employ  the  following  parameters ”to/ analyze  the  system  of  Kqs.  (7), 

(13),  (18),  and  (19):  L  =  50  km,  A  =  1  km  and  k^c^/io^  =1.  z  is  allowed  to 

vary  for  determining  the  trajectories  of  the  rays.  Only  taken  into  account  are 

the  trajectories  of  the  rays  detectable  to  the  ionosondc  for  determining  the 

maximum  difference  Ax  from  the  reflection  heights  of  these  rays.  Ax  vs 

max  max 

the  magnetic  dip  angle  8^  as  calculated  for  «(  -  n^/nQ)  = .005,  .01,  .05  and  0.1 

and  presented  in  Figs.  3(a)-(d).  Shown  in  Figs.  4(a)-(c)  are  Ax  vs  the 

irregularity  intensity  a  for  8  =50°,  68°,  and  78°  that  correspond  to  magnetic 

dip  angles  at  Arecibo,  boulder  and  Tromsrf,  respectively.  The  dependence  of 

spread  F  on  the  scale  length  of  the  irregularity  has  also  been  examined  for  the 

case  8  -50°  and  a=  0.05.  The  result  is  presented  in  Fig.  5  showing  that 
o 

spread  F  can  only  be  caused  by  irregularities  with  scale  lengths  larger  than 
about  106  meters. 
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III.  DISCUSSION  AND  CONCLUSIONS 


A  theoretical  model  of  spread  F  echoes  has  been  developed  for  determining 
the  effects  of  the  magnetic  dip  angle,  irregularity  intensity,  and  the.  polariza¬ 
tion  direction  and  the  scale  length  of  irregularity  on  the  occurrence  frequency 
and  the  intensity  of  spread  F.  We  first  shot,?  that  irregularities  polarized  pre- 
pendicular  to  the  meridian  plane  do  not  cause  spread  F.  Therefore,  only  irregu¬ 
larities  polarized  within  the  meridian  plane  have  been  considered  in  the  analyses 
for  evaluating  the  afore-mentioned  effects. 

As  shown  in  Figs.  (3a)-(3d),  spread  F  becomes  prominent  as  the  magnetic 

dip  angle  exceeds  about  5°.  The  reflection  height  spread  Ax  first  increases 

max 

rapidly  to  a  maximum  at  about  Qq  = 8°  (except  for  very  low  irregularity  intensity, 

e.g.,  ct=  0.001,  where  the  peak  appears  at  G  -  20°)  and  then  decreases  monoton- 

o 

ically  to  zero  at  0  =90°.  However,  Ax  is  quite  flat  in  the.  region  from  20° 

o  max  n  h 

to  70°  (30°  to  80°  for  a=  0.001).  Furthermore,  Ax  increases  monotonically 

max  J 

with  the  irregularity  intensity  as  seen  in  Figs.  (4a) , (4b)  and  (4c)  for  0  = 50° , 

68°,  and  78°  corresponding,  respectively,  to  the  magnetic  dip  angles  at  Arecibo, 

Boulder,  and  Troms«5,  While  a  near  linear  dependence  is  found  in  the  0  =50°  and 

*/  y  ty  o 

68°  cases,  Ax  starts  to  approach  a  maximum  at  a-  0.02  for  0  =78°.  The.  de- 
max  o 

pendence  of  spread  F  on  the  scale  length  X^  of  irregularities  has  been  examined 
for  0^  =  50°  and  a=  0.05.  The  result  shown  in  Fig.  5  indicates  that  spread  F 
appears  only  when  X^  >  106  m.  The  reflection  height  spread  remains  a  fairly 
constant  value  from  106m  to  about  500in.  This  value  then  increases  monotonically 
by  35%  at  X^  -  lkm  which  is  the  largest  scale  length  employed  in  the  analyses. 

Our  model  shows  that  spread  F  is  quite  insensiti\e  to  the  magnetic  dip  angle. 

As  long  as  the  irregularity  with  the  polarization  within  the  meridian  plane  exists, 
significant  spread  F  should  be  observed  over  a  wide  range  of  latitude  including 
Arecibo,  Boulder,  and  even  Troms^.  Tu  other  words,  the  appearance  of  spread  V 
should  not  depend  upon  the  locations  of  the  ionosondcs.  We,  therefore,  conclude 
that  spread  F  echoes  on  the  ionograms  are  caused  by  the  irregularities  with 
polarization  directions  within  the  meridian  plane  and  the  scab;  lengths  greater 
than  about  100m.  By  contrast,  irregularities  wi th  polarization  directions  per¬ 
pendicular  to  the  meridian  plane  do  not  give  rise  to  spread  F  echoes. 
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The  different  occurrence  frequencies  of  artificial  spread  F  noticed  at 
Arecibo,  Boulder,  and  Troms^  arc  most  probably  due  to  the  excitation  of  differ¬ 
ent  types  of  irregularities .  The  o  mode  and  x  mode  pump  waves  transmitted  from 
the  Boulder  beating  facilities  cannot  be  separated  as  easily  as  those  from  tl o 
Arecibo  or  the  Troms{5  facilities.  This  fact  can  be  evidenced  by  the  measurements 
of  IIP  wave-induced  short-scale  irregularities  at  Boulder  [I'ialer,  1974]  showing 
that  x  mode  can  still  excite  short-scale  irregularities  though  not  as  efficiently 
as  o  mode  wave.  The  heater  wave  (either  o  mode  or  x  mode)  induced  irregularities 
at  Tromr.fi  are  expected  to  be  oriented  in  the  directions  perpendicular  to  the 
meridian  plane.  This  may  explain  why  spread  F  has  never  been  observed  since,  the 
Tromsfi  facilities  were  operated  a  few  years  ago.  We  note  that  when  the  heater 
is  operated  in  o  mode  at  Arecibo,  no  spread  F  or  change  of  reflection  heights 
can  be  seen  [L.M.  Duncan,  private  communication,  1984],  This  agrees  with  the 
theoretical  prediction  of  the  generation  of  large-scale  irregularities  by  the 
f ilamentation  instability  [Kuo  and  Schmidt,  1983]  and  supports  the  proposed  model 
of  spread  F  mechanism. 

'//-V 

•  f  r  9  , 

AC  K.NO  WEK1  )C  KM  F.NT  S 

This  work  was  supported  jointly  in  part  by  the  NSF  Grant  ATM-8315322 
and  in  part  by  the  AFOSR  Grant  No.  AFOSR-83-OOOl  at  Polytechnic  Institute  of 
New  York  and  by  AFCL  Contract  F19628-83-K-0024  at  Regis  College  Research  Center. 

REFERENCES 


Fialer,  P.A.  (1974),  Field-Aligned  Scattering  from  a  Heated  Region  of  the 
Ionosphere  -  Observation  at  HF  and  VHF,  Radio  Sci . ,  9,  923-940. 

Kuo,  S.P.  and  C. Schmidt  (1983),  Filamentation  Instability  in  Magneto  Plasmas, 
Phys.  Fluids  26,  2529-2536. 

Showon,  R.L.  and  D.M.  Kim  (1978),  Time  Variations  of  UF-lnduced  Plasma  Waves, 

J.  Gcophys.  Res.  83,  (>23-628. 

Stubbe,  P.,  H.  Kopka,  H.  l.auche,  M.T,  Rietveld,  A.  Brckkc,  0.  Holt,  T.B.  Jones, 
T.  Robinson,  A,  Hedborg,  B.  Thide,  M.  Crochet  and  H.J.  Lotz  (1982), 
Ionospheric  Modification  Experiments  in  Nortliern  Scandinavia,  J.  Atmos.  Terr. 
Phys.  44,  1025-1041. 

Utlaut,  W.F.  (1973),  A  Survey  of  Ionospheric  Modification  Effects  Produced  by 
High-Power  HF  Radio  Waves,  AGAIN)  Conf.  Proc.,  .138,  3-1-3-16. 


-8 


Figure 

Fig.  1 
Fig.  2 

Fig.  3 

Fig.  4 


Captions : 


-  Coordinates  used  in  the  analysis. 


-  Example  of  the  appropriate  trajectories  of  the  rays  detectable 

to  the  ionosonde.  The  parameters  used  in  the  calculation  are 

G  =50°,  b  =  30km,  A  =  lkm,  k~c^/o)  ~1  and  6nn/n  =0.1. 

o  1  o  peo  1  o 

-  The  functional  dependence  of  the  reflection  height  spread  Ax 

max 

of  a  diagnostic  beam  on  the  magnetic  dip  angle  0  for  6n/n  = 

o  1  o 

(a)  0.005,  (b)  0.01,  (c)  0.05,  and  (d)  0.1. 

"  Ax  vs  a  f°r  =  (fl)  50°,  (b)  68°,  and  (c)  78°,  where  a  =  6n,/n  . 
max  o  J.  o 


The  dependence  of  the  spread  F  yn  ph^  scale  length  A^  of  the  irregula- 
ity,  where  0^=50°  and  et  =  0.05:" 
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Abstract 


Ionospheric  disturbances  evidenced  as  fluctuations  in  plasma 
density  and  geomagnetic  field  can  be  caused  by  powerful  radio  waves 
with  a  broad  frequency  band  ranging  from  a  few  KHz  to  several  GHz. 

The  f ilamentation  instability  of  radio  waves  can  produce  both  large- 
scale  plasma  density  fluctuations  and  large-scale  geomagnetic  field 
fluctuations  simultaneously.  The  excitation  of  this  instability  is 
examined  in  the  VLF  wave  injection  experiments,  the  envisioned  MF 
ionospheric  heating  experiments,  the  HF  ionospheric  heating  experi¬ 
ments  and  the  conceptualized  Solar  Power  Satellite  project.  Signi¬ 
ficant  geomagnetic  field  fluctuations  can  be  excited  in  all  of  the 
cases  investigated.  Particle  precipitation  and  airglow  enhance¬ 
ment  are  expected  to  be  the  concomitant  ionospheric  effects  associat¬ 
ed  with  the  wave-induced  geomagnetic  field  fluctuations. 


I.  Introduction 


Manifest  ionospheric  disturbances  can  be  produced  by  powerful 
HF  radio  waves  such  as  fluctuations  in  ionospheric  density,  plasma 
temperature,  and  the  earth’s  magnetic  field  [see  e.g.,  Gurevich, 

1978;  Fejer,  1979;  Stubbe  et  al.,  1982;  Lee  and  Kuo,  1983  ®  J.  In 
this  paper,  we  discuss  the  excitation  of  ionospheric  density  ir¬ 
regularities  and  geomagnetic  field  fluctuations.  The  interesting 
finding  in  our  theoretical  analyses  is  that  the  geomagnetic  field 
fluctuations  may  be  excited  simultaneously  with  large-scale  field- 
aligned  ionospheric  irregularities  by  radio  waves  via  the  filamen- 
tation  instability.  The  frequencies  of  radio  waves  may  be  as  low 
as  in  the  VLF  band  and  as  high  as  in  the  SHF  band. 

Unexpectedly  large  perturbations  in  the  earth's  magnetic  field 
(~10.8y)  were  observed  in  the  Troms$  HF  ionospheric  heating  exper¬ 
iments  [Stubbe  and  Kopka,  1981;  Kuo  and  Lee,  1983].  Transmitters 
operated  at  frequencies  close  to  but  less  than  the  local  electron 
gyrof requency  are  expected  to  cause  both  plasma  density  irregularities 
and  geomagnetic  field  fluctuations  in  the  ionosphere  if  MF  signals 
are  transmitted,  or  in  the  magnetosphere  if  VLF  signals  are  injected, 
instead  [Lee  and  Kuo,  1984  a].  Microwave  transmissions  at  2.43  GHz 
with  the  conceptualized  power  density  (230  W/m2)  from  the  Solar 
Power  Satellite  (SPS)  are  also  expected  to  perturb  the  earth's  mag¬ 
netic  field  significantly  in  the  ionosphere  along  the  beam  [Lee  and 
Kuo,  1984  bj.  Our  study,  therefore,  adds  an  additional  effect  to 


those  that  should  be  assessed  as  the  possible  environmental  impact 
of  the  SPS  program. 

The  general  formulation  of  the  theory  is  first  presented  in 
Section  1.  In  the  subsequent  four  sections  (i.e.,  Sections  III-V1) , 
we  discuss  the  excitation  of  the  f ilamentation  instability  in  a  uni¬ 
form  plasma  in  the  VLF  wave  injection  experiments,  the  envisioned 
MF  ionospheric  heating  experiments,  the  Troms<|>  HF  ionospheric  heating 
experiments,  and  the  conceptualized  Solar  Power  Satellite  program, 
respectively.  The  conclusions  are  finally  drawn  in  Section  VII  with 
a  brief  discussion. 

II.  Theory 

For  simplicity,  radio  waves  are  assumed  to  be  circularly  polari¬ 
zed  and  propagate  along  the  earth’s  magnetic  field.  This  is  a  reason 
able  assumption  for  the  VLF  wave  injection  experiments  and  the  TromsiJ* 
HF  ionospheric  heating  experiments.  As  for  the  Solar  Power  Satellite 
case,  the  geomagnetic  field  imposes  a  relatively  immaterial  effect 
on  the  microwave  propagation.  If  the  positive  z  axis  of  a  rectangu¬ 
lar  coordinate  system  represents  the  wave  propagation  direction  and 
is  taken  to  be  parallel  to  the  geomagnetic  field,  the  monochromatic 
radio  wave  with  frequency,  and  the  wave  vector  kQ,  can  be  repre¬ 
sented  by  EQ(r,t)  -  cq(x  ±  iy)  exp[i(kQZ  -  uiQt)  ]  =  C.C.  where  the 
wave  field  amplitude,  eq,  is  assumed  to  be  a  constant;  the  ±  signs 
designate  the  right-hand  and  the  left-hand  circular  polarizations, 
respectively. 


Since  the  wave  field  interacts  with  the  charged-particles,  the 
plasmas  experience  a  radiation  pressure  force  (i.e.,  the  nonlinear 
Lorentz  force)  and  a  thermal  pressure  force.  The  latter  force  re¬ 
sults  from  the  collisional  dissipation  of  wave  energy  in  plasmas. 
If  the  wave  field  is  intense  enough,  a  sideband  mode  (e1)  can  be 
excited  together  with  zero-frequency  modes  via  the  f ilamentation 
instability,  this  is  similar  to  the  self-focusing  instability  of 
a  radio  v/ave  beam.  This  high-frequency  sideband  is  a  quasi-mode, 
satisfying  the  Fourier  transform  wave  equation 
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where  e  =  (T.  cos  kx  +  z  e.  sin  kx)  exp  (yt)  is  the  wave  field 
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perturbation  with  the  growth  rate,  y,  and  the  filamentation  wave 
vector,  k  =  xk;  J  and  J  represent  the  induced  linear  and  non- 
linear  electric  current  densities.  While  J  given  by  -en  V  results 
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from  the  linear  response  of  electrons  to  the  sideband  field  (e  ) , 

J  includes  two  parts,  -en  V,  and  -efinV  ,  that  are  nonlinear  beating 
n  o  M  -vO 

currents  caused  by  the  nonlinear  coupling  between  the  purely  growing 
mode  (6n  and  6B)  and  the  incident  wave  field  (c  ).  The  electron 
velocity  perturbations  denoted  by  V^,  ,  and  V^,  have  the  follow¬ 


ing  expressions: 
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where  j  *=  o,  1  represent  the  response  of  electrons  to  the  incident 
wave  field  (c  )  and  the  sideband  field  (e.)  respectively: 
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[V  xz  +  i  — —  V  ] 6B  is  the  electron  velocity 


perturbation  induced  by  the  V  x  6B  Lorentz  force,  where  M,  ft  ,  e, 

>.o  ~  e 

and  c  have  their  conventional  meanings  as  the  electron  mass,  the 
electron  gyrofrequency,  the  electric  charge,  and  the  speed  of  light 
in  vacuum,  respectively.  Because  of  the  large  inertia,  the  corres¬ 
ponding  ion  responses  have  been  ignored. 

The  purely  growing  mode  has  the  general  form  of  6P  =  6P  (cos  kx) 
* exp  (yt) ,  that  is  associated  with  the  excitation  of  both  the  plasma 
density  fluctuations  (i.e.,  6P  «=  fin)  and  the  geomagnetic  field 
fluctuations  (i.e.,  6P  =  z  fiB).  It  is  the  wave  induced  quasi-DC 
current  that  gives  rise  to  the  magnetostatic  fluctuations.  This 
can  be  seen  in  the  Maxwell  equation 
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where  fiA  is  the  vector  potential  defined  by  VxfiA  =  6B  and  6J  =  en  ( 
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6V.  -  6V  )  is  the  wave-induced  quasi-DC  current.  The  Coulomb 
gauge  V*5A  =  Q  has  been  chosen  in  (2).  Front  (2)  and  the  continuity 


equations  and  the  momentum  equations  for  both  electrons  and  ions. 


we  obtain 
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and  a  relation  between  6n  and  6B,  viz.. 
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where  M,  ft.,  w  ,  C  ,  v  ,  and  v.  ,  are  respectively,  the  ion  mass, 
x  pe  s  e  in  J 

the  ion  gyi of requency ,  the  electron  plasma  frequency,  the  ion 
acoustic  velocity,  the  electron-ion  collision  frequency,  and  the 
ion-neutral  collision  frequency;  6Tg  is  the  electron  temperature 
perturbation  caused  by  the  collisional  dissipation  of  the  radio 
pump  and  the  excited  sideband;  and  F  is  the  x  component  of  the 
nonlinear  Lorentz  force 
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It  is  seen  from  (3)  that  the  wave-induced  quasi-DC  current  is 

primarily  caused  by  the  F  x  B  drift  motion  of  the  electrons  under 

the  influence  of  the  thermal  pressure  force,  n  (3/8x)6T  ,  and  the 

o  e 

nonlinear  Lorentz  force,  n  F  .  The  nonlinear  Lorentz  force  term 

o  ex 


can  be  neglected,  because  its  contribution  in  generating  field- 

aligned  modes  turns  out  to  be  much  smaller  than  that  of  the  thermal 

pressure  force  by  a  factor  of  k2r^  for  modes  with  scale  lengths 
-i  h 

(2nk  x)  less  than  irr  (2M/m;  ("-15  m  in  the  ionosphere)  and  by  a 

e 

factor  of  (m/M)  (~  3.4  x  10  5)  otherwise  [Kuo  et  al.,  1983;  Lee  and 
Kuo,  1983b]  •  The  electron  temperature  perturbation  (6T£)  obtained 
from  the  electron  energy  equation  is  found  to  be 
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where  Q  =  2v  r.  m(V*  •  V,  +  V  •  V*)  is  the  wave  energy  dissipation 
e  e  o  \o  -^1  ^o  ~1 

rate  in  the  electron  gas  due  to  the  differential  Ohmic  loss'  of  the 

*  incident" wave  and  the  excited  sidebands. and  y  *=  y  +  2v  (m/M)  +  v  k2 

e  e 

«V2/n2,  where  is  the  electron  thermal  velocity. 

Equation  (4)  shows  that  the  simultaneously  excited  6n  and  6B  are 
proportional  to  each  other.  In  all  cases  under  study  vg  >>  y  and 
k2C2>>y.  Therefore,  Equation  (4)  can  be  reduced  to 
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indicating  that  if  (v  /y)(k2c2/u>2  )  is  much  less  than  unity,  the 

e  pe 

magnetostatic  fluctuations  (6B/Bq)  is  comparable  to  the  plasma 

density  fluctuations  ($n/n  ).  It  is  thus  expected  that  significant 

o 

magnetic  field  fluctuations  are  associated  with  the  excitation  of 
large-scale  (i.e.,  small  k)  modes. 


The  physical  picture  that  illustrates  the  simultaneous  ex¬ 
citation  of  earth's  magnetic  field  fluctuations  (6B)  and  plasma 
density  irregularities  (6n)  is  outlined  in  Figure  1.  In  the  high- 
frequency  wave  fields  (i.e.,  e  and  e,),  electrons  but  not  ions  can 

>vO  vl 

be  efficiently  heated.  If  the  electron  temperature  perturbations 
(6Tg)  have  a  spatial  variation  across  the  earth's  magnetic  field 
(B  *=  ZB  )  electrons  experience  a  thermal  pressure  force,  f  =-x( 

-vO  O  -n/I. 

3/3y)  (N^Tg)  »  as  indicated  by  the  dotted  arrow  along  the  x  axis. 
This  force  causes  electron  bunching,  namely,  electron  density  ir¬ 
regularities  ( 6N ) .  Charge  separation  thus  formed  gives  rise  to 
a  self-consistent  field  (6E  =  x  6E)  that  is  associated  with  the 
excitation  of  purely  growing  modes.  In  the  presence  of  6E  and  f  , 

.  plasmas  have  the  4E  x  B  and  f  x  B  types  of  drift  motion.  While 
both  electrons  and  ions  move  together  in  the  5E  x  B  drift,  only 

electrons  drift  at  the  velocity  of  -f_  x  B  /eB2  due  to  the  thermal 

^.T  ^.o  o 

pressure  force.  The  wave-induced  quasi-DC  electric  current  (6J  = 


y  6J)  or  the  vector  potential  (6A  =  y6A) ,  caused  by  the  f_  x  B 
drift,  is  responsible  for  the  earth's  magnetic  field  perturbations 
(6B  -  Z6B)  that  orient  along  the  background  magnetic  field  (B  = 

~  -v° 

* 

ZB)  because  of  6B  =  V  x  6A. 

O  'v 

The  physical  process  of  producing  both  6B  and  6N  is  reiterated 


with  the  aid  of  block  diagrams  in  Figure  2  that  displays  a  positive 
feedback  loop  for  the  f ilamentation  instability  of  radio  waves. 
There  are  two  things  to  note:  (1)  since  6N  and  6J  (then  6B)  are 


induced  in  proportion  by  f  ,  one  can  expect  that  6B  =  6N  whose  full 

-N.  1 

expression  given  by  (4)  is  indeed  found  in  the  formulation^  (II) 

6n  caused  by  the  spatially  varying  6Te  reinforces  the  nonunifona 
electron  heating  that  yields  6Tg  in  turn. 

The  coupled  mode  equation  for  the  purely  growing  mode  that  can 
be  obtained  from  (2)  and  (3)  with  the  aid  of  (5)  has  the  expression 
of 
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where  f  =  (yv^  +  k2c2  +  2  yk2V2/3y);  vin  =  Y  +  v^;  topi  and  Vg  are 
the  ion  plasma  frequency  and  the  ion  thermal  velocity.  Substituting 
(4')  into  (6)  and  eliminating  6n  from  (1)  and  (6)  yields  the  dis¬ 
persion  relation 
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p+(p_)  and  q+(q  )  correspond  to  the  right  -  (left-)  hand  circularly 
polarized  wave.  The  threshold  field  (e^)  of  the  instability  is 
determined  from  (7)  by  taking  y  =  0,  namely. 
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It  should  be  stressed  that  the  f ilamentation  instability  has 
been  so  far  formulated  for  a  uniform  plasma.  The  uniform-medium 
.  theory  is  considered  to  be  adequate  for  the  instability  with  scale 
lengths  much  less  than  the  scale  size  of  the  plasma  density  gradient. 
The  present  form  of  our  theory  is  applicable  to  all  cases  under 
consideration  except  the  Solar  Power  Satellite  Program  (SPS) .  The 
theory  is  modified  by  including  the  parallel  heat  conduction  loss 
that  cannot  be  ignored  in  the  SPS  case  wherein  the  microwave  beam 
with  a  linear  dimension  of  10  Km  in  the  ionosphere  does  not  propa¬ 
gate  along  the  earth's  magnetic  field.  The  characteristics  of  the 
filamentation  instability  are  examined  as  follows  for  cases  in 
different  wave  frequency  regimes  of  the  incident  radio  waves. 

III.  VLF  WAVE  INJECTION  EXPERIMENTS 

The  VLF  signals  transmitted  from  the  Siple  Station  were  ob- 


served  to  change  from  linear  to  circular  polarization  (i.e., 
whistler  inodes)  on  their  paths  through  the  neutral  atmosphere  and 
into  the  ionosphere  [Kintner  et  al.,  1983].  These  whistler  waves 
are  assumed  to  satisfy  the  cold  plasma  dispersion  relation 


1  - 


- Pe,  — r ■ 

a)  (a)  -  ft  T) 

a  ft  a  ' 


k2  c2 


to 


in  the  wave  propagation  regime:  jft^J  «  u)o  <  |ft  J.  Since  the  posi¬ 
tive  z  axis  represents  the  wave  propagation  direction  and  has  been 


taken  to  be  parallel  to  the  geomagnetic  field,  ft£>  (<)  0  for  the 
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and  q,  *  q  =  k2c2(w2  -  ft2)  /  u>  I  ft  Iw2  for  a  whistler  mode. 
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In  the  upper  atmosphere,  the  electron  plasma  frequency  is  much 

greater  than  the  electron  cyclotron  frequency,  viz.,  w  »  ft^  > 
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ft2  -  to2)/w  Ift  |u2  <  0.  Since  p  q  has  a  value  less  than  2,  the 
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factor  (4  -  q  -  p  q)  in  (9)  is  positive. 
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For  the  excitation  of  large-scale  inodes  (i.e.,  u2e  >>  k2c2),  the 
above  inequality  leads  to  u)Q  >  |fte|  /2.  In  other  words,  the  fila- 
tnentation  instability  of  whistler  waves  that  generate  both  plasma 
density  fluctuations  and  geomagnetic  field  fluctuations  can  only 
excite  within  the  narrow  frequency  range: 

Ifi  j  >  u  >  |ft  |/2  (II) 
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Since  |ne|~1.4  MHz  in  the  ionosphere  (e.g.,  the  F  region)  and  |flel*v 
13.65  MHz  in  the  magnetosphere  at  L  *  4.0,  the  condition  for  the _in~. . 
stability  shown  in  (11)  leads  to  the  following  conclusions.  The 
frequencies  of  VLF  signals  that  are  injected  in  the  active  VLF  wave 
experiments  typically  range  from  a  few  KHz  to  a  few  tens  of  KHz  (< 

30  KHz).  These  signals  are  not  expected  to  cause  ionospheric  dis¬ 
turbances  via  the  f ilamentation  instability.  But  those  with  fre-  . 
quencies  larger  than  6.83  KHz  but  less  than  13.65  KHz  can  excite 
the  instability  in  the  magnetosphere  at  L  =4.0.  It  is  predicted 
from  (11)  that  ionospheric  disturbances  caused  by  the  f ilamentation 
instability  of  whistler  waves  are  possible  if  the  wave  frequencies 
are  less  than  | |~1 . 4  MHz  but  greater  than  |ne|/2~0.7  MHz,  namely, 
whistler  waves  in  the  MF  band  can  cause  large-scale  ionospheric 
density  irregularities  and  geomagnetic  field  fluctuations  in  the 
ionosphere.  Quantitative  analyses  of  these  two  cases  are  illustrated 
as  follows. 

The  relevant  magnetospheric  parameters  used  in  this  work  include 

In  |/2n  =  13.65  KHz  (i.e.,  B  ~  500  y)  ,  u  /2n  «  179  KHz,  T  = 
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0.4 


ev,  and  M(H  )/m  =  1840.  If  the  VLF  wave  frequency  is  10.9  KHz, 
i.e.,  wo/|fiJ  *=  0.8,  the  threshold  field  (C(.h)  calculated  from  (9) 
are  e.g.,  I2pV/m  and  2pV/m  for  the  excitation  of  modes  with  scale 
lengths  of  10  Km  and  100  Km,  respectively.  These  threshold  fields 
can  be  exceeded  by  the  injected  VLF  waves  from  the  Siple  station 
even  in  the  "non-ducted"  whistler  propagation  mode.  The  growth 
rates  of  the  instability  expressed  in  terms  of  the  threshold  field 
is  obtained  from  (7)  as 
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This  equation  can  easily  be  solved  for  y  under  the  following 

assumptions:  v  »  y,  k2c2  >>  y  v.  ,  and  m/M  >>  k2V2/02  that  can 
e  s  in  t  e 

be  confirmed.  For  large  scale-modes,  m2  >>  k2c2  (i.e.,  X  >>  1.7  Km), 

pe 

the  growth  rate  is  found  to  have  the  following  expression  y^.(2v  kV  / 

e  s 

l^e I)  (c  /e  ).  This  growth  rate  turns  out  to  be  independent  of  the 
scale  lengths  because  as  shown  in  (9):  c  ^  “  k.  Although  the  threshold 
of  the  instability  can  be  exceeded  by  the  "non-ducted"  whistler  mode 
in  the  magnetosphere  at  L  =  4.0,  the  growth  rate  is  rather  small 
(~10  5  H  )  if  c  /c  .'0  (1)  because  of  the  small  electron-ic 


'o'  tl> 


ton 


collision  frequency  <~0.1  Hz).  However,  the  of  the  "ducted" 


whistler  mode  may  be  increased  by  two  to  three  orders  of  magnitude 


though  only  20%  of  the  injected  VLF  waves  are  found  to  propagate  in 
the  "ducted"  whistler  mode  [Carpenter  and  Miller,  1976].  The 
growth  rate  of  ducted  whistler  waves  can  be  as  high  as  (10  3  -  10  2 ) 
Hz,  namely,  the  instability  can  be  excited  by  the  ducted  mode  with¬ 
in  a  few  minutes. 

For  modes  with  scale  lengths  >  10  Km,  (6n/n  )=(6B/B  )  from  (4’). 

o  o 

Presumably,  a  few  percents  of  magnetospheric  density  fluctuations 
are  able  to  be  generated.  Then,  a  few  percents  of  geomagnetic  field 
fluctuations  in  the  magnetosphere  at  L  =  4.0  is  of  the  order  of  10  y 
(c.f.  the  background  magnetic  fields 500  y)  ,  that  may  significantly 
affect  the  orbits  of  charged  particles.  The  scintillations  of  the 
Siple  signals  received  at  Roberval,  Canada  [Inan  et  al.,  1977],  may 
be  attributable  to  the  excitation  of  large-scale  plasma  density 
fluctuations  in  the  magnetosphere  by  the  injected  VLF  waves  via 
the  f ilamentation  instability. 

IV.  ENVISIONED  MF  IONOSPHERIC  HEATING  EXPERIMENTS 

The  ionospheric  heating  facilities  located  at,  for  example, 
Arecibo  (Puerto  Rico) ,  Boulder  (Colorado) ,  and  Troms$  (Norway) 
are  currently  operated  at  lowest  frequencies  on  the  order  of  3  MHz. 
The  transmisssion  of  signals  at  frequencies  close  to  the  electron 
gyrof requency  (f  1.4  MHz)  would  require  a  major  antenna  and  trans¬ 


mitter  change.  In  our  "envisioned"  MF  ionospheric  heating  experi¬ 
ments,  we  adopt  the  typical  ionospheric  parameters:  | | / 2n  ■=  1.4 

MHz  (i.e.,  B  =  5  x  10%),  w  /2tt=6  MHz,  and  M(0+)/  m  *=  16  x  1840. 
o 


The  threshold  fields  of  the  instability  excited  by  the  incident 

MF  wave  at  1.12  MHz  (i.e.,  =  0.8)  are  found  from  (9)  to  be 

6  mV/m  and  0.4  mV/m  for  the  excitation  of  modes  with  scale  lengths 

of  100  m  and  1  Km,  respectively.  If  we  assume  that  tQ  =  0.3  V/m, 

the  growth  rate  of  the  instability  for  large-scale  modes  (i.e., 

(o2  »  k2c2  or  A  >>  50  m)  is  about  1  Hz.  Under  the  illumination 

pe 

of  powerful  MF  radio  waves,  large-scale  ionospheric  disturbances 
can  be  produced  in  seconds. 

It  is  obtained  from  (4')  that  (6n/nQ)  ~  2.3  (6B/Bo>  (e.g.,  X  = 

1  Km)  for  modes  with  X  >>  50  m.  The  excitation  of  a  few  percents 

I 

of  ionospheric  density  fluctuations  are  accompanied  by  the  con¬ 
comitant  excitation  of  geomagnetic  field  fluctuations  of  the  order 
of  500  y ,  that  is  comparable  to  the  perturbation  in  a  severe 
magnetospheric  (sub) storm. 

V.  HF  IONOSPHERIC  HEATING  EXPERIMENTS 

The  HF  radio  waves  transmitted  in  ionospheric  heating  (or  modifi¬ 
cation)  experiments  have  frequencies  greater  than  the  electron 
gyrofrequency  (w2  >>  02)  but  less  than  F0F2  in  the  ionosphere. 
Ordinary  (0)  or  extraordinary  (X)  modes  have  been  employed.  At  the 
Troms<}>  facilities,  these  modes  can  be  represented  by  two  circularly 
polarized  waves  propagating  along  the  geomagnetic  field.  Since 
the  wave  propagation  direction  is  antiparallel  to  the  geometric 
field,  the  X  and  0  modes  correspond  to  a  left-hand  and  a  right-hand 
circularly  polarized  wave,  respectively,  and  satisfy  the  dispersion 


relations: 


where  the  +  signs  denote  the  left-  and  right-hand  circularly  polar¬ 
ized  waves,  respectively. 

Near  the  reflection  heights  of  these  pump  waves  (i.e.,  k  -*•  0)  , 

it  is  from  (12)  that  u2  ~  to  (to  4-  I  ft  I ) .  In  this  case,  p^.  given 

pe  o  o  1  e 1  Z 

by  (8a)  approximately  vanish  and  q+— +  k?c2  (to^  t  1 0^  [  ) /<o2  |  0^  |  f  roro 
(8b).  Expression  (9)  then  reduces  to 
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where  (q_)  is  for  the  right-  (left-)  hand  circularly  polarized 
wave.  While  the  factor,  (<f-  q+) ,  is  positive,  a  positive  (4  -  q_) 
requires  that  q  <4,  viz.. 


a  >  <*e/wo)C(wo  +  |fiel)/|ne3^ 


(14 


that  can  thus  ensure  the  positive  RHS  of  (13).  If  we  take  |0e|/ 

2v  =  1.4  MHz,  V  =  1.3  x  105  m/sec,  M(0+)/m  =  16  x  1840,  to  /2v  = 
t  o 

4.04  MHz,  the  scale  lengths  of  the  modes  that  are  excited  by  the  X 
mode  cannot  be  less  than  70  meters  according  to  (14).  By  contrast 
no  minimum  scale  length  is  found  in  the  case  of  0  mode  heating. 

The  threshold  feilds  of  kilometer-scale  instability  excited  by 


either  X  or  0  mode  are  a  few  mV/m  calculated  from  (13)  that  are 


quite  small  compared  with  the  incident  power  densities  (~1  V/m) 
of  the  Tromos<J>  signals.  Although  the  growth  rate  of  the  instability 
is  generally  a  function  of  scale  lengths,  it  has  an  asymptotic 
value  found  to  be 

10  v  m2|e  |2 

'v  2.5  x  10  — — — — - ~  3.4  x  10  2  Hz  for  x  -  mode  heating 

»!(“0 

^  3.0  x  10  2  Hz  for  0  -  mode  heating 

when  the  scale  lengths  exceed  a  few  hundreds  of  meters.  It  thus 
takes  a  few  minutes  for  the  instability  to  be  excited  in  agreement 
with  the  observations  that  HF  wave-induced  geomagnetic  field  fluc¬ 
tuations  needs  a  few  minutes  for  development  (Stubbe  and  Kopka,  1981). 
Substituting  *  500  Hz,  y  *=  3.4  x  10  2  Hz,  X  =  1  Km,  u^/2v  =  3.4 

MHz  and  B  -  5  x  104  y  into  (4’),  we  have  6B  =  4.4  x  102  (6n/n  )  = 
o  o 

(4.4  -  44)  y  for  (6n/n  )  *  (1-10)%  also  in  agreement  with  the 

o 

Stubbe  and  Kopka' s  experiments. 

VI.  CONCEPTUALIZED  SOLAR  POWER  SATELLITE  (SPS)  PROJECT 

The  conversion  of  solar  energy  into  microwaves  on  a  geostation¬ 
ary  satellite  is  the  basic  idea  behind  the  conceptualized  Solar 
Power  Satellite  (SPS)  project  [Glaser,  1977).  The  microwave  energy 
would  be  transmitted  from  the  satellite  toward  the  earth  at  a  fre¬ 
quency  of  2.45  GHz,  that  is  much  greater  than  the  electron  gyro- 


frequency  C | | ) .  The  cross  section  of  the  microwave  beam  has  been 
estimated  to  have  a  linear  dimension  of  10  Km  in  the  ionosphere,  and 
the  incident  power  density  at  the  center  of  the  beam  would  be  as 
high  as  230  W/m2  (i.e.,  the  wave  field  intensity  is  about  640  V/m) . 

The  formulation  outlined  above  for  the  excitation  of  both  plasma 
density  fluctuations  and  geomagnetic  field  fluctuations  can  be  also 
applied  to  the  case  of  SPS  project  after  some  modifications.  First 
of  all,  the  microwave  beam  does  not  propagate  along  the  geomagnetic 
field,  rather,  with  a  propagation  angle  of,  say,  45°  with  respect 
to  the  geomagnetic  field.  The  inhomogeneity  effect  imposed  by 
the  microwave  beam,  i.e.,  the  heat  conduction  along  the  geomagnetic 
field  cannot  be  neglected  in  this  case.  Therefore,  the  parallel 
scale  length  (X^  )  has  a  given  value  of  L/cos6  *  10  Km/cos45°~  14  Km, 
where  L  and  6  are  the  beam  size  and  the  beam  wave  propagation  angle, 
respectively.  The  polarization  of  the  microwave  is  assumed  to  be 
within  a  meridian  plane  (i.e.,  the  assumption  of  an  ordinary  mode) 
for  efficiently  exciting  the  field-aligned  modes.  Hence,  the  geo¬ 
magnetic  field  perturbations  (6B)  are  still  in  the  direction  of  the 
background  earth's  magnetic  field. 

With  the  inclusion  of  a  non-zero  parallel  wave  number  (k^  *=  2r/ 

A  ).  (4')  is  modified  as  follows: 
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where  X^  and  X^  are  the  perpendicular  and  the  parallel  scale  lengths 
of  the  f ilamentation  instability.  Since  the  finite  parallel  wave 
number  (k^  )  gives  rise  to  a  heat  conduction  loss  along  the  earth's 
magnetic  field,  it  introduces  a  new  term  in  ($)  for  the  threshold 
condition  of  the  instability.  The  three  terms  in  (3),  2m/M  +  k^V2/^ 
v^,  correspond  to  the  collisional  damping  of  the  heat  source,  the 
cross-field  heat  conduction  loss,  and  the  parallel  heat  conduction 
loss,  respectively.  The  effect  of  ionospheric  refringence  on  micro- 
wave  propagation  is  relatively  immaterial  because  the  microwave  fre¬ 
quency  (o>o / 2xr  =  2.45  GHz)  is  greater  than  the  electron  gyrofrequency 
(ft^/ 2n~1.4  MHz)  by  three  orders  of  magnitude.  We  then  have  p+erl 
from  (8a)  and  q+  -*•  <=°  from  (8b).  The  threshold  field  given  by  (9) 
thus  reduces  to 
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If  the  newly  added  factor  in  (15)  is  much  greater  than  unity, 

viz.,  (n  Q./\>  v.  )(X./X11  )2  >>  1,  then  the  product  of  (v  /y)(2hc/X. 

e  3/  e  in  l  ||  e  1 

u>  )2  and  (0  ft./v  v.  )(X,/X.,  )2  can  greatly  exceed  unity  and  conse- 
pe  e  l  e  in  1  II  . 

quently ,  the  geomagnetic  field  fluctuations  may  become  insignifi¬ 
cant.  This  situation  occurs  in  the  ionospheric  F  region  where  v  v^ 
(^250)  is  rather  small  compared  with  x  109).  A  detailed 

calculation  shows  that  6B/B  ~  6.0  x  10  7  (6n/n  ),  namely,  6B~3.0  x 

o  o 

10~3  gammas  for  6n/n  =  10%  (c.f.  the  background  geomagnetic  field. 


c  5  x  lO**  gammas)  that  is  neglibibly  small.  This  result  indicates 
that  the  large  heat  conduction  loss  along  the  geomagnetic  field  in¬ 
hibits  the  f ilamentation  instability  from  producing  significant  geo¬ 
magnetic  field  perturbations  in  the  F  region. 

However,  the  condition  for  the  instability  is  quite  different  in 
the  E  region  whose  relevant  parameters  are  taken  to  be  M(NO  )/m  =  30  X 

1840,  V  =  4.0  x  10**  m/sec  (i.e.,  T~200  °K) ,  w  /2ti—3.0  MHz,  v.  = 
t  e  pe  m 

1.0  x  10 3  Hz  and  v  =  1.0  x  101*  Hz.  The  factor,  (nn./vv.  )(A,/ 
en  e  1  e  in  1 

A||  )2,  is,  for  instance,  0.11  for  X^  «  500  m  and  11.0  for  A^  =  5  Km. 

The  parallel  heat  conduction  loss  k2^ 3. 8  x  10  8 ,  is  greater 

than  the  cross-field  heat  conduction  loss,  k2V2/02~3.3  x  10  9(for 

It  e 

A^  =  500  m)  but  very  much  less  than  the  collisional  damping  of  the 
heat  sourcp  represented  by  2m/M~3.6  x  10  5.  These  calculations 
show  that  the  parallel  heat  conduction  loss  hardly  affect  the  pro¬ 
posed  instability  with  A^/Aji  to  operate  in  the  ionospheric  E 

region. 

For  the  excitation  of  modes  with  X.  >>  (2M/m)^  ttV  /fi  ~  4.7  m, 

1  t  e 

the  threshold  field  of  the  instability  is  mainly  determined  by  the 
collisional  damping  of  the  heat  source,  namely,  (16)  can  be  approxi¬ 
mated  as  I  eE th/mc  I— 0 . 6 (m  /w  )k,V  (2m/M)ls.  For  instance,  the  in- 
1  '  0  Pc  1  t 

stability  with  A^  =  500  m,  2  Km,  and  5  Km  requires  =  2.5,  0.63, 
and  0.25  V/m,  respectively.  They  are  significantly  less  than  the 
incident  microwave  field  intensity  640  V/m  corresponding  to  the 

9 

envisioned  power  density  of  230  W/m2  at  the  beam  center.  If  we  assume 
a  uniform  power  density  of  50  W/m2  that  is  about  one  fifth  of  the 


maximum  beam  intensity,  the  growth  rates  calculated  from  (7)  are 

0.43  sec  3,  0.47  sec  1 ,  and  0.50  sec  1  a-nd  (6 B/B  )/(6n/n  )  from 

o  o 

(15)  are  1.1  x  10  3,  7.2  x  10  3,  and  1.1  x  10  2  for  X^  =  500  m,  2  Km, 
and  5  Km,  respectively. 

We  note  that  when  the  factor,  (0  0 . /v  v.  )(X ,/X  )2,  is  much 

e  i  e  in  1  II 

greater  then  unity  for  kilometer-scale  (say,  >  5  Km)  modes,  (6B/Bq)/ 

(6n/n  )  reaches  a  constant  value  of  (yv.  /ft  ft.)(Xlfw  /2ttc)^1.2  x 
o  in  e  i  II  pe 

10  2.  That  is,  6B/Bq  is  less  than  6n/n^  by  about  two  orders  of 
magnitude  in  the  case  of  microwave-ionosphere  interaction.  The 
earth's  magnetic  field  can  be  significantly  perturbed  by  modes  with 
scale  lengths  less  than  the  beam  size  by  about  one  order  of  magnitude. 
For  example,  6B  =  5.3  and  36.2  gammas  for  X^  “  500  m  and  2  Km, 
respectively,  assuming  that  6n/nQ  «  102.  They  are  comparable  to  the 
intensities  (typically  tens  of  gammas)  of  geomagnetic  field  fluctua¬ 
tions  during  magnetospheric  substorms.  Such  large  geomagnetic  field 
fluctuations  are  expected  to  significantly  perturb  the  orbits  of 
charged  particles  and,  consequently,  to  cause  particle  precipitation 
and  airglow  effects.  These  ionospheric  effects  introduced  by  the 
powerful  microwave  beams  should  be  taken  into  account  in  the  evalua¬ 
tion  of  environmental  impacts  of  the  conceptualized  Solar  Power 
Satellite  program. 

VIII.  CONCLUSION  AND  DISCUSSION 


Ionospheric  and  magnetospheric  disturbances  evidenced  as 


fluctuations  in  plasma  desnity  and  geomagnetic  field  can  be 
generated  by  powerful  radio  waves  with  frequencies  as  low  as  a  few 
KHz  and  as  high  as  several  GHz.  Depending  on  the  incident  power 
density  of  radio  waves,  ionospheric  (or  magnetospheric)  plasma 
density  irregularities  and  geomagnetic  field  fluctuations  can  be 
excited  simultaneously  by  the  filamentation  instability  of  radio 
waves  within  a  few  seconds  or  minutes.  This  instability  typically 
has  kilometric  scale  lengths  in  the  ionosphere  and  tens  of  kilometric 
scale  lengths  in  the  magnetosphere. 

Radio  waves  with  frequencies  less  than  the  electron  gyrofrequency 
may  propagate  in  a  whistler  mode.  The  excitation  of  the  filamentation 
instability  is  only  possible  for  those  with  frequencies  greeter  than 
half  the  local  electron  gyrofrequency.  This  criterion  for  the  in¬ 
stability  leads  to  the  conclusions  that  the  injected  VLF  signals  can 
produce  magnetospheric  rather  than  ionospehric  disturbances.  It  is, 
however,  predicted  that  ionospheric  disturbances  can  be  induced  by 
MF  signals  whose  frequencies  are  less  than  1.4  MHz  but  larger  than 
0.7  MHz. 

In  the  HF  ionospheric  heating  experiments  (u)q  >>  ,  both  the 

ordinary  and  the  extraordinary  modes  have  been  used.  The  scale 
lengths  of  the  instability  are  found  to  have  a  cut-off  in  the  case 
of  extraordinary  wave  heating.  The  microwave  beams  that  are  trans¬ 
mitted  from  the  conceptualized  Solar  Power  Satellite  to  the  sur¬ 
face  of  the  earth  are  also  expected  to  cause  large  ionospheric 


disturbances  in  their  ordinary  mode  propagation.  The  geomagnetic 
field  fluctuations  caused  by  the  f ilamentation  instability  of  radio 
waves  are  very  significant  in  all  the  cases  discussed  in  this  paper. 
Their  magnitudes  may  even  become  comparable  to  those  seen  in  the 
magnetospheric  (sub)storms.  It  is  expected  that  such  perturbations 
can  affect  the  orbits  of  charged  particles  and  cause  particle  pre¬ 
cipitation  and  airglow  effects. 

The  earth's  magnetic  field  perturbations  caused  by  powerful 
microwaves  via  the  f ilamentation  instability  is  a  transient  phenome¬ 
non.  This  fact  can  be  seen  from  (4')  that  requires  6B/Bo  =  0  when 
Y  =  0  for  the  equilibrium  condition  either  before  the  onset  or  after 
the  saturation  of  the  instability.  During  the  linear  stage,  of  this 
instability  (i.e.,  y  *  a  positive  constant),  6B/Bq  and  6n/nQ  are  re¬ 
lated  by  (A')  and  significant  geomagnetic  field  fluctuations  can  be 
produced.  The  duration  of  this  transient  phenomenon  may  be  roughly 
defined  as  the  period  for  achieving  the  seven  e-folds  of  magnitude 
above  the  thermal  fluctuation  level,  viz.,  1y~'1 .  Then,  it  is  either 
a  few  minutes  or  a  few  tens  of  minutes  In  all  cases  concerned. 

It  is  interesting  to  note  from  ($)  that  the  threshold  field  of 
the  instability  is  inversely  proportional  to  the  electron  plasma 
frequency.  Therefore,  ionospheric  disturbances  excited  by  radio 
waves  should  be  most  noticeable  in  the  high  plasma  density  en¬ 
vironment.  Finally,  it  should  be  pointed  out  that  the  non¬ 
linearity  for  the  mode  coupling  is  dominantly  provided  by  the 


thermal  pressure  force  due  to  the  collisional  dissipation  of  both 
the  pump  wave  field  and  the  excited  high-frequency  sideband  field 
in  the  electron  gas.  To  emphasize  this  outstanding  feature,  the 
instability  may  be  adequately  termed  the  thermal  f ilamentation 
instability  of  radio  waves. 
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Figure  Captions 


Figure  1. 


Figure  2. 


The  physical  process  leading  to  the  simultaneous 
excitation  of  earth's  magnetic  field  perturbations 
(6B)  and  plasma  density  irregularities  (6n)  by  the 
f ilamentation  instability  of  powerful  radio  waves. 

A  positive  feedback  loop  for  the  filamentation 
instability. 
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